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This study focuses on establishing a better understanding of the combined influences of 
various aircraft with complex gear configuration and the gear load wanders on the rut (i.e., 
permanent deformation) accumulation in unbound layers of airfield flexible pavement. As such, 
the challenge is to investigate and propose proper rut prediction models that can capture such 
influences from full-scale accelerated pavement test studies.  
This was achieved by studying pavement test sections constructed and full scale pavement 
tested at Federal Aviation Administration’s (FAA’s) National Airport Pavement Test Facility in 
New Jersey. Referred to herein as the Construction Cycle 5 (CC5) experiment, CC5 sections were 
built with different subbase materials (crushed quarry screenings and dense graded aggregates) 
with varying thicknesses over a low-strength subgrade and were trafficked by six-wheel  and 10-
wheel landing gears with wander. These pavement sections were instrumented with various 
sensors such as multi-depth deflectometer (MDD), pressure sensor, and asphalt strain gauge. The 
MDD sensors provided the most valuable data for this research since both elastic (or resilient) and 
plastic deformation response values of individual layers were measured in the pavement system 
due to the passages of both six-wheel and 10-wheel landing gears applied with wander.  
Analyses of the MDD data indicated that the effects of load wander were evident on the 
residual (non-recoverable) deformation accumulations because changes in wander locations 
influenced the directional nature (either upward or downward) of residual deformation values. The 
residual deformation data separation showed that the first pass on each wander position in the west 
to east direction typically caused the highest deformation response and the return pass along the 
same wander position showed significantly less residual deformation. This finding clearly 
indicated the presence of the so-called shakedown effect with load wander governing the behavior 
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of unbound aggregate layers. Also, it was noted that shakedown was more readily happening when 
the wander width was kept narrow. Especially in the 6-wheel sections, the residual deformations 
were not increasing much due to increased traffic. 
An observation was made to clearly show the presence of anti-shakedown in granular 
layers subjected to loading with wander by calculating individual pavement layer permanent 
deformation values with traffic passes from the MDD sensor collected data at the MDD location. 
It was observed that in all cases for all the available sections, the contribution of rutting from the 
rather thick subbase layers (34 and 38 in.) were significant when compared to those of the other 
layers. Furthermore, accumulations of permanent deformation in subbase layers did not slow down 
but rather increased as traffic progressed. This phenomenon contradicted the shakedown theory 
according to which all unbound layers are expected to undergo shakedown with increasing traffic. 
Post traffic trenching study showed that the subgrade layers in sections with 38 in. subbase 
layers did not show any significant rutting after trafficking was concluded and most of the rutting 
in these sections were limited to base and subbase layers. However, rutting did occur to some 
extent in subgrade layers of sections that were all built with a 34 in. of subbase layer. It was also 
observed that the thin HMA layer thickness did not change much, i.e. no HMA rutting in any 
section during the full-scale pavement testing study. 
Additionally, an attempt was made to predict the rut depths in airport pavements due to 
realistic air traffic using the MDD data from the NAPTF CC5 test sections. Using the multi-depth 
deflectometer (MDD) database, a method of using only two critical wander locations was 
developed to establish a transverse profile for each pass and then calculate the transverse profile 
created by multiple passes. This method was based on the relationship between the maximum 
residual MDD readings due to various wander positions. By utilizing the MDD calculated 
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transverse profiles and the periodically measured transverse field surface profiles, a rut prediction 
model was developed using general linear models in the forms of power and sigmoidal function 
distributions to determine realistic surface profiles of the CC5 test sections. It was observed that 
both the power and sigmoidal models could predict field surface rut profiles accurately up to 
15,000 passes. However, at higher gear/wheel passes the sigmoidal model predictions were more 
accurate than those of the power predicted ones. The proposed methodology was further validated 
by using two test sections from CC1 test series. It was observed that for CC1 test sections, the 
power model predictions were more accurate than those of the sigmoidal ones. It was concluded 
that in events, where pavement sections are expected to deteriorate quickly, a power model is 
expected to more accurately determine the future deformation values. However, if the wheel 
loading is increased intermittently like in the case of CC5 test sections, a sigmoidal model will 
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1.1 Background  
Pavement term refers to a durable surfacing of a road, highway, airfield and walkways. As 
the term “durable” entails, a strong pavement is expected to endure a range of loads or 
environmental factors that may be detrimental to pavement surface or underlying layers if not 
accounted for adequately. Pavements are multi-layered structures comprising of a surface layer 
over a base and /or subbase layer (unbound aggregate layers) on top of a subgrade and 
understanding how each pavement layer responds to different load conditions and traffic patterns 
is essential for any road pavement. A variety of layer combinations typically used for pavements 
is shown in Figure 1.1. 
 
Figure 1.1: Typical pavement system layer configurations  
 Needless to say, to accurately predict pavement deterioration is an integral part of 












































and management of sustainable pavement infrastructures, economic benefits and long life spans. 
However, despite being a highly researched topic, prediction of permanent deformation 
accumulation in asphalt surfaced pavements remains one of the major challenges to design 
sustainable pavement systems. The task becomes even more challenging in case of airport 
pavements due to the heavy and non-channelized traffic loading that airfield pavements typically 
receive. Higher load levels and load wanders (lateral movement of aircraft) due to non-channelized 
air traffic loading is a phenomenon primarily associated with airfield pavements because unlike 
highway pavements, wander widths in airport pavements contain a zone with 75% of the aircraft 
centerlines (1.15 standard deviations on either side of the mean value) (Ho Sang, 1975). Though 
wander reduces the number of repetitions of maximum load applied to the most heavily-trafficked 
pavement location, several studies have indicated that wander does not necessarily increase the 
pavement life. Rather, in thinly surfaced asphalt pavements, it causes constant aggregate particle 
shuffling and rearrangements in unbound base/subbase layers, ultimately leading to a weaker and 
unstable granular layer (Werkmeister et al., 2001; Kim and Tutumluer, 2005; Donovan and 
Tutumluer, 2008a and 2008b; Donovan, 2009).  
More recent frequent use of New-Generation Aircraft (NGA), large wide-body commercial 
aircraft such as Boeing 777 and Airbus 380, combined with rapid airline traffic growth has made 
the airport pavements more exposed to various types of heavy aircrafts with complex multiple 
wheel landing gears coupled with wander. So, a thorough understanding of pavement damage 
mechanisms considering all the traffic circumstances, i.e. a diverse mix of airplanes with complex 
landing gears coupled with wander, has become necessary to design, build, and maintain 
sustainable airfield pavement sections. Although various models have been developed in the past 
to predict permanent deformation trends of pavement base/subbase (Tseng and Lytton, 1989; 
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Wolff, 1992; Ullidtz, 1997), very few of them have considered the effects of wander (lateral 
movement gear/wheel), not to mention important effects of stress history or previous load 
applications, to quantify rutting in airport pavements.  
Currently, the failure models used in Federal Aviation Administration’s (FAA) flexible 
pavement thickness design procedures consider maximum vertical strain on top of the subgrade 
(for rutting) and the maximum horizontal strain at the bottom of all asphalt layers (for cracking) 
(AC 150/5320-6F) (FAA, 2016). Though subgrade rutting is the mode that typically controls 
structural shear failure, full scale testing data have shown that most of the rutting in the pavement 
system may be contributed by unbound granular layers while the rutting  due to subgrade is  
somewhat minimal for the common wheel loads (Garg, 2003; Garg et al. 2010). This behavior of 
the unbound layers can be attributed to aircraft wanders. For example, findings from two series of 
full-scale testing efforts conducted in Federal Aviation Administration’s (FAA) National Airport 
Pavement Test Facility (NAPTF) in Atlantic City, New Jersey, referred to herein as Construction 
Cycle 1 (CC1) and Construction Cycle 3 (CC3) tests, indicated that the application of the 
sequential wander pattern to the low and medium strength subgrade asphalt pavement test sections 
caused constant particle rearrangement and movement even under the confinement of an asphalt 
surface layer if the applied stress was high enough (Donovan and Tutumluer, 2008a; 2008b). It 
was reported that residual deformations caused by a single pass were often recovered due to 
subsequent load applications offset by wander during a complete trafficking wander that included 
a sequential wander pattern covering approximately 82% of all traffic from a standard normal 
distribution curve of real world taxiway traffic (Hayhoe, 2004; Hayhoe et al., 2004). Figure 1.2 
provides a simple diagram of the aforementioned observed behavior of how a complete wander 
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pattern can reduce the rut caused by the previous pass by pushing and shoving the material laterally 
under the wheel load. 
 
Figure 1.2: Schematic explaining the rut profile development from an offset wheel  
(adapted from Donovan, 2009) 
Considering such complex deformation trends of unbound granular materials in airport 
pavements due to apparent random travel paths of aircraft, a recent research effort was attempted 
to analyze and better understand the deformation behavior of unbound layer using the full-scale 
accelerated pavement testing data from Federal Aviation Administration’s (FAA) NAPTF located 
in Atlantic City, NJ. A rut prediction technique was proposed to take into account stress history 
effects to estimate the transverse rutting profile of airport pavements (Donovan, 2009). This “stress 
history” based approach to predict transverse surface rut profiles developed by Donovan (2009) 
utilized the NAPTF measured transverse surface profile (TSP) results and the Multi-depth 
Deflectometer (MDD) data to create residual deformation transverse profiles for individual 
gear/wheel pass. The approach considered all the dynamic response data until the pavement test 
section was declared failure [1-in. (25-mm) upheaval observed in the non-trafficked surface] and 
provided an improved understanding of how residual deformation and upheaval per gear/wheel 
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then corrected for stress history effects to successfully predict the residual transverse profiles for 
all NAPTF Construction Cycle 1 and 3 (CC1 and CC3) test sections. However, the application of 
this method remained very case specific as the developed model showed somewhat limited success 
in determining the transverse surface profiles of the NAPTF Construction Cycle 5 (CC5) full-scale 
accelerated flexible pavement test sections (Sarker and Tutumluer, 2018). It was observed that 
while this approach could predict the deformations of the CC5 test sections at the most trafficked 
location on the pavement, it could not predict the complete transverse surface profiles of the 
pavement sections due to the complexities arising from factors such as random loading sequences 
and complex landing gear configurations, and load wanders (Sarker and Tutumluer, 2018). So, 
despite showing great promise, using the “stress history” approach to do a reliable prediction of 
permanent deformation in airport flexible pavements remains a challenging task.  
In this PhD study, NAPTF field data collected from full-scale flexible pavement tests, 
referred to as the Construction Cycle 5 (CC5), are used to characterize the deformation behavior 
of unbound layers due to heavy aircraft loading applied with wander.  The periodic transverse 
surface profile data collected at the time of testing are analyzed and applied to the development 
framework of a “stress history effects” methodology introduced earlier in the CC1 and CC3 studies 
to predict the surface rut profiles of CC5 test sections due to realistic traffic loading. Additionally, 
in-depth analyses of the rutting performance due to two different subbase materials used under 
different landing gears and loading conditions are targeted. Furthermore, recommendations are 
sought out for the deformation trends observed in the field due to the effects of wander, landing 





1.2 Research Objective and Scope of Work  
Considering the knowledge gap about the complex permanent deformation behavior of 
granular materials used in airport pavement base/subbase courses due to offset loading impacts 
from apparent random travel paths (i.e., wander) of aircraft and/or complex wheel/gear 
configurations, the primary objective of this doctoral study is to analyze the Construction Cycle 5 
(CC5) NAPTF trafficking dynamic response database as well as results of the response tests 
conducted in association with the traffic tests, and quantify certain trafficking results and damage 
mechanisms associated with the flexible pavement test section deformation trends (both recovered 
and unrecovered deformations).  To achieve this objective, the following specific goals will be 
pursued for accomplishment:  
• Complete analyses of the dynamic response data collected using Multi-depth 
deflectometer (MDD) sensors installed in NAPTF CC5 sections to investigate 
permanent deformation accumulation trends. Observations will be made based on the 
effects of wander, traffic direction, landing gear configuration, and load level on the 
response behavior of the pavement sections subjected to heavy aircraft wheel loading 
coupled with wander patterns.     
• Analyze the periodic transverse surface profile data collected in the field in conjunction 
with post traffic forensic data to analyze the rutting damage mechanisms and 
accumulation trends in the NAPTF accelerated pavement test sections under heavy 
wheel loading applied with simulated wander. 
• Develop a completely data-driven based rut prediction model from using the CC5 
Multi-depth Deflectometer (MDD) data and the transverse surface measurements by 
accurately characterizing the rut accumulation trends in the selected test sections and 
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validate the newly developed rut prediction model using selected case sections form 
CC1 and CC3 database. 
1.3 Significance of Research 
This doctoral study is in line with an FAA priority for research and development in the area 
of improved methods for airport pavement damage analyses and focuses on the deterioration 
behavior of airport pavement granular base/subbase layers. Previous studies performed using the 
data from the NAPTF full-scale tests clearly showed the significant effects of wander on the large 
permanent deformations accumulated in the unbound granular layers in asphalt pavement test 
sections (Garg, 2003; Hayhoe, 2004; Hayhoe et al, 2004; Donovan and Tutumluer, 2008a; Garg 
and Hayhoe, 2008). The thorough and complete analyses of MDD data in combination with field 
collected transverse surface rut profiles and post traffic trenching data will lead to a better 
identification of the predominant unbound aggregate layer rutting damage mechanisms. Such 
better understanding which will naturally result in safer designs and improved performance 
predictions of airport pavements. Additionally, the data-driven rut prediction approach to be fully 
developed in this research study will enable designers better predict future deformation potentials 
of granular layers subjected to both channelized and offset (wander) traffic loadings. 
1.4 Dissertation Organization 
This dissertation is comprised of eight chapters.  
• Chapter 1 introduces the problem statement and establishes the research objectives and 
goals as well as the outlines of the research tasks, and chapter highlights.   
• Chapter 2 includes a thorough discussion on how heavy wheel loads combined with 
wander can contribute to differences in response between airport and highway 
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pavements.  It also includes the current state of knowledge about how rutting takes 
place in individual pavement layer such as the asphalt surface layer, base/subbase 
granular layer, and subgrade. Additionally, a detailed literature review on the existing 
permanent deformation models to characterize granular layer behavior is included. A 
brief discussion focuses on how densification and shear flow of asphalt can occur in 
airport pavements due to wide tire interaction effects. Furthermore, Chapter 2 also 
discusses the current failure mechanisms employed to design airfield flexible 
pavement. 
• Chapter 3 introduces the National Airport Pavement Testing Facility (NAPTF) and the 
Construction Cycle 5 (CC5) test series which are main subjects of this study. Specifics 
about the sensor instrumentation layout, available details about the construction 
materials used, and particulars about the simulated traffic load are presented in this 
chapter. 
• Chapter 4 will discuss the detailed analyses of CC5 dynamic response data, with a 
primary emphasis on the Multi-depth Deflectometer (MDD) data. Conclusions will be 
drawn from the MDD analysis results to investigate the effects of wander, traffic 
direction, landing gear configuration, and load level on the response behavior of the 
selected test sections. 
• Chapter 5 includes the field collected rut performance monitoring results of the CC5 
accelerated pavement test sections. Periodic transverse surface profiles measured in the 
field in conjunction with post traffic forensic test results will be studied in detail to 
identify the specific trends on how damage accumulated in all the CC5 test sections 
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due to various layer configurations, construction materials, landing gear arrangements, 
and load levels. 
• An attempt will be made at developing a rut prediction approach using the previously 
developed “Stress History” based model combined with the critical point multipliers in 
Chapter 6.  
• Chapter 7 presents all the details about the new data-driven rut prediction model 
developed using the transverse surface profiles calculated from the CC5 test section 
MDD test data at various stages of traffic and their corresponding periodic transverse 
surface profiles. It also includes case studies from previously completed NATPF CC1 
and CC3 accelerated pavement test studies to validate the data-driven rut prediction 
framework developed in this doctoral study. 
• Finally, Chapter 8 provides the summary findings from the NAPTF CC5 accelerated 
pavement test section study. It also presents the guidelines for construction and testing 
of future NAPTF test sections and highlights the future research areas. 
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Chapter 2.  Background and Literature Review 
2.1 Background 
This study focuses on establishing a better understanding of the combined influences of 
various aircraft with complex gear configuration and the gear load wanders on the rut (i.e., 
permanent deformation) accumulation in unbound layers of airfield flexible pavement. As such, 
the challenge is to investigate and propose proper rut prediction models that can capture such 
influences from full-scale accelerated pavement test studies. This chapter will highlight the flexible 
pavement asphalt surface (AC) layers and subgrade contributions to rutting briefly before moving 
onto a through discussion of unbound layer contributions to the accumulation of total permanent 
deformation or rutting. Additionally, the differences between pavement response behaviors in 
airport and highway pavements will be highlighted, and a summary of current airport flexible 
pavement design procedures will also be presented.  
2.2 Rutting in Flexible Pavements 
Permanent deformation or rutting, defined as a continuous depression parallel to traffic 
direction in the wheel paths, remains one of the most frequently occurring distresses in flexible 
pavements (Figure 2.1).  Rutting is primarily the result of repetitive shear deformation of pavement 
subjected to continuous traffic loading and several factors such as the traffic volume, loading 
frequency and magnitude, tire pressure, stress state, rest period, confining stress, layer material 
properties, pavement construction quality, moisture, and ambient temperature etc. contribute to the 
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accumulation of rutting in the flexible pavements. Moreover, rutting can originate in any layer of 
the pavement system, making its prediction even harder and more challenging in practice. 
 
Figure 2.1: Rutting in flexible pavements (www.pavementinteractive.org)  
Flexible or asphalt pavement layers (i.e., asphalt concrete, unbound base/subbase and 
subgrade) each contribute to the total rutting (or surface permanent deformation accumulation) at 
various percentages depending on the properties of each layer and their component materials, 
which constitutively affect the permanent deformation behavior of these layers. Both bound AC 
and unbound layers commonly contain coarse aggregate and fine aggregate particles and voids. In 
bound AC, the asphalt binder holds the coarse particles in place together and the voids are filled 
by the finer particles. The applied loads are transferred through the compacted and stable coarse 
aggregates to the next sublayer to diffuse the stress. If there is not enough binder- the coarse 
particles move, and in presence of excess binder the coarse particles do not touch each other – and 
both cases lead to absence of interlock formed by the coarse aggregates causing the aggregates to 
move under load – resulting in rut. The rutting mechanism in unbound aggregate layers placed on 
the subgrade has been classified into four different modes from Mode 0 to 3 by Dawson and 




Flexible pavement design procedures of the traditional approach consider subgrade rutting 
failure to be the most predominant since subgrade is the weakest layer by limiting the vertical 
compressive strain on top of the subgrade. But to correctly predict the total rutting behavior, it is 
essential to understand the different pavement damage mechanisms and their contribution from 
each pavement layers, especially in airport pavements where the chaotic nature of traffic mix or 
wheel wander is a major influence on the pavement response behavior, this especially becomes 
challenging. Though unbound layers with the proper dense gradation of the aggregate mix can 
form a stable particle matrix under repetitive load, aircraft wander (lateral offset loading) 
combined with complex gear configurations can cause the aggregates in unbound layers to slide, 
rotate, and shear against one another – resulting in an increased rut susceptibility. The following 
subsections will first highlight the contributions of AC surface and subgrade layers to pavement 
rutting briefly.  
2.2.1 Permanent deformation in asphalt concrete (AC) 
Asphalt Concrete (AC) rutting or permanent deformation can primarily be divided into 
three types as follows (Dawley et al., 1990, Simms et al., 2018): 
1. Wear rutting due to progressive loss of coated aggregate from the asphalt mix; 
2. Structural rutting is primarily the result of densification i.e. decrease in air void content 
due to compaction; and 
3. Instability rutting is caused by lateral material displacement due to load-induced shear 
stresses under traffic loading.  
Though shear loading causes the asphalt to dilate, the aggerate locking can stabilize the 
asphalt layer to resist permanent deformation.  Several researchers have investigated permanent 
deformation mechanisms in asphalt layer and identified numerous factors such as mixture 
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properties (aggregate gradation and binder type), traffic volume, tire pressure, temperature, etc., 
to be influencing the rutting of hot mix asphalt (Eisenmann and Hilmer, 1987; Kaloush and 
Witczak 2002; Blab and Harvey, 2002; NCHRP 1 – 37A 2004; and Oscarsson, 2007). Initial stage 
of rutting is accompanied by a decrease in air voids in the asphalt layer caused by compaction due 
to loading and no significant lateral movement of material is expected to occur at the beginning of 
traffic. However, after a while, the decrease in volume under the wheel loading becomes somewhat 
equal to the volume increase outside the wheels in the upheaval zones. This phenomenon basically 
indicates that initial densification is mostly complete, and that any further permanent deformation 
also known as the shear deformation is then caused by lateral movement of the particles under the 
wheels. 
Several studies have been conducted to predict rutting in asphalt layers by properly 
characterizing elastic, viscoelastic, viscoplastic, and plastic responses of asphalt materials and 
accordingly, have highlighted the need for an accurate understanding of both densification and 
shear flow of the asphalt mixture to characterize the rutting mechanism (Choi and Kim, 2014; 
Darabi et al., 2011).  
Among the existing numerical rut prediction models in the literature, the most advanced 
ones are three dimensional in nature and depending on the temperature and loading history, can 
consider all the components (elastic, viscoelastic, viscoplastic, and plastic) of response behavior 
when needed (Chehab et al., 2003). For example, recent studies by Darabi et al. (2018) have 
proposed an asphalt layer airfield rut prediction tool pavement analysis using nonlinear damage 
approach-airfield pavements (PANDA-AP) that encompasses a coupled viscoelastic–viscoplastic 
constitutive relationship to model the rutting behavior in the asphalt layer. The analysis tool was 
utilized to analyze the asphalt layer’s contribution to the overall permanent deformation of four 
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full-scale accelerated flexible airport pavements built with low strength subgrade test sections and 
the analysis results demonstrated that the mechanistic-based constitutive approach could estimate 
individual layer strains separately. Additionally, PANDA-AP enables the incorporation of number 
of load cycles in estimating deformations that vary with loading cycle number which is realistic, 
however, cannot be captured by traditional layered-elastic modeling that relates deformation 
through an empirical function. Interestingly, PANDA-AP results also demonstrated that the 
contribution of asphalt layers to the overall rutting in the full scale accelerated pavement test 
sections was very minimal (or none) compared to base/subbase/subgrade contributions (Figure 
2.2).  
 
Figure 2.2: PANDA-AP derived contribution of different pavement layers in total rutting 
full-scale accelerated pavement test section (Adapted from Darabi et al, 2018) 
Nonetheless, as mentioned earlier rutting or accumulation of permanent deformation in 
asphalt concrete layers results from contributions of many factors (mixture properties, traffic 
volume, tire pressure, temperature, etc.), and in most cases these effects are interactive and 
coupled. Thus, understanding and calculation of rutting in asphalt concrete surface layers should 
include constitutive equations that take into consideration thermos-visco-elastic, thermo-visco-
plastic, healing, moisture damage, and aging.  Along these lines, to couple viscoelastic, 
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layers have been carried out in numerous studies (Abu Al-Rub and Darabi 2012; Chehab and Kim 
2005; Darabi et al. 2012; Darabi et al. 2013; Park et al. 1996). However, the detailed discussion 
of these models is beyond the scope of this dissertation and hence, is not included in this 
dissertation. 
2.2.2 Permanent deformation in subgrade 
Flexible pavement design procedures traditionally consider vertical strain on top of 
subgrade as the critical pavement response to account for the rutting failure in pavements. The 
factors influencing subgrade rutting include the stress level, soil strength, number of load cycles, 
and stress history (Monismith et al., 1975; Poulsen and Stubstad, 1978; Thompson and Bejarano, 
1997) where the stress level is a function of the total pavement thickness and the amount of the 
load applied (Seyhan and Tutumluer, 2002). Furthermore, the relationship between subgrade 
vertical elastic strain and accumulated permanent strain for a given number of load cycles depends 
on soil type, moisture–density conditions, and stress history. Several researchers have also 
investigated the nonlinear, cross-anisotropic behavior of subgrade soils to develop pavement 
response analysis methods (Barksdale et al., 1989; Seyhan, 2005; Oh et al., 2006; Asthiani, 2009).  
Consideration of subgrade vertical strain in calculating the pavement thicknesses in flexible 
pavement design entails the assumption that the rutting in the other structural layers are 
insignificant and that pavement surface rutting is caused by the subgrade alone, which is untrue. 
Additionally, results from full scale accelerated pavement tests (Theyse,1997; Pidwerbesky et al., 
1997; Ertman and Ullidtz,1997) suggest that the subgrade vertical strain criterion considered in 
pavement design is conservative. Nevertheless, subgrade vertical strain still remains the subgrade 
failure criterion for pavement thickness calculation in most traditional flexible pavement design 
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procedures. However, the detailed discussion about subgrade rutting is beyond the scope of this 
dissertation and hence, is not included in this dissertation. 
2.2.3 Permanent deformation in unbound aggregate layers 
Permanent deformation accumulation is the primary damage mechanism observed in 
unbound aggregate layers in pavements. These granular materials are multi-phase in nature 
comprised of solid particles, air voids, and water, and should properly be designed to possess 
adequate rutting resistance to ensure strong, safe, and sustainable pavement construction. 
However, despite being a highly-researched topic in the past few decades, prediction of permanent 
deformation accumulation in pavement unbound aggregate layers remains one of the major 
challenges to design economical and sustainable pavement systems mostly because of the 
complexities arising from loading stress state and stress history effects and difficulties in 
correlating laboratory test results such as repeated load triaxial (RLT) tests to field observations. 
RLT tests apply repeated loads similar to the field stress conditions to a cylindrical test specimen 
and measure the corresponding deformations to evaluate the accumulation of permanent 
deformation with each load application (Thomspon and Nauman, 1993). 
Considering the complex nature of unbound granular materials (UGM) in pavements, 
several researchers have investigated the UGM deformation characteristics and documented 
numerous key factors influencing the UGM permanent deformation behavior. These factors can 
be further classified into two broad categories namely structural factors (e.g. number of load 
applications, stress, principal stress rotation, variable and constant confining pressure, degree of 
compaction etc.) and material related properties (e.g. moisture content, particle size distribution 
and fines content, aggregate type, and gradation etc.) (Morgan, 1966, Lashine et al, 1971; 
Barksdale, 1972; Raymond and Williams, 1978; Pappin, 1979; Chan, 1990; Paute et al., 1996; 
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Lekarp and Dawson, 1998; Theyse, 2002; Korkiala-Tanttu, 2009). The following subsections 
include a detailed literature review on the deformation characteristics of unbound granular 
materials in pavements followed by a discussion about the critical factors affecting the permanent 
deformation behavior of unbound aggregate base/subbase layers. 
2.2.3.1 Deformation characteristics of unbound granular materials 
Werkmeister (2003) observed that depending on the stress levels, unbound granular 
materials (UGM) can exhibit both stress hardening and stress softening behavior where stress 
hardening occurs when material stiffness rises with increasing load magnitudes at low stress level. 
This can be attributed to particle rearrangement by further compaction of UGM under continuous 
loading. On the other hand, strain softening takes place when the stiffness of the material decreases 
due to increased stress level being too close or beyond the failure point. The influence of stress on 
the deformation resistance of unbound granular material is illustrated with a stress-strain 
relationship in Figure 2.3.  
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Furthermore, characterizing the deformation mechanism in UGM becomes more complex 
under traffic because when a moving wheel load is applied on the pavement, unbound layers 
experience both vertical and horizontal stresses in compression and extension as well as a reversal 
of shear stress. Figure 2.4 shows the corresponding stresses on a cubical soil element within a 
pavement structure due to a moving wheel load. In the absence of traffic, the element is subjected 
to only the confining stress due to the overburden and previous stress history effects.  However, 
as a wheel load approaches the element- both vertical, horizontal, and as well as the shear stresses 
start to increase. Then, the reversal of shear stress begins to occur when the shear stress starts 
decreasing until the wheel load is directly above the specific element followed by a complete 
reversal of shear stress takes place as the load moves away. This phenomenon of shear stress 
reversal is commonly referred to as principal stress rotation. 
A pavement system undergoes a large number of repeated loads due to continuous traffic 
during the service life. Unbound layer deformation in response to a moving wheel load comprises 
of both resilient (recoverable) strains and permanent (or residual) strains. During each load cycle, 
unbound layers recover an elastic portion of the total strain, which is called the resilient strain but 
accumulate the rest of the strain as permanent strain. The relationship between stress and strain in 
unbound materials is presented in Figure 2.5 with a non-linear curve, which is not retraced during 
the rest period between repeated loading applications, hence a hysteresis loop is formed. Figure 
2.5 further demonstrates the pavement behavior under traffic loading. The summation of non-
recoverable permanent strain from each of the load applications ultimately leads to permanent 





Figure 2.4: Stresses under a moving wheel load (Lekarp et al., 2000) 
 
  
Figure 2.5: Strains in unbound layers under repeated traffic loading  
(Adapted from Arnold, 2004) 
  
The development of rutting in unbound aggregates can be divided into three stages: 
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accumulated permanent deformation with a relatively small permanent deformation magnitude 
defines the primary stage. The secondary stage is characterized by accumulation of permanent 
strains in a relatively linear fashion with a constant (or stable) rate due to particle crushing. Lastly, 
an increasing rate of accumulated permanent deformation due to particle grain fracturing phase 
characterizes the tertiary stage. The early stage of a newly built pavement is expected to show a 
high rate of accumulation of permanent deformations. This phase is characterized by material 
densification, pore volume reduction, and volumetric change of the material. The deformation rate 
slows down after the pavement is exposed to traffic for a while and becomes constant to some 
extent.  
 
Figure 2.6: Different types of permanent deformation behavior  
(El-Basyouny et al., 2005) 
Similarly, Werkmeister (2004) also categorized rut progression in unbound aggregate 
layers to occur in two phases. The initial phase is characterized by a sharp increase in permanent 
deformation under moving wheel load applications as a result of material densification 
accompanied by a volumetric decrease of the materials (Werkmeister et al., 2004). On the other 
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hand, permanent deformation rate at the later stage of rutting becomes somewhat constant despite 
the increase in shear deformations (Werkmeister et al., 2004).  
2.2.3.2 Factors affecting unbound layer permanent deformation behavior 
In one of the earlier studies to characterize permanent deformation behavior of unbound 
granular materials, Morgan (1966) investigated the permanent deformation of two types of sand at 
both constant and varying confining pressures using a Repeated Load Triaxial (RLT) apparatus 
and concluded that deviator stress had a direct relationship with the accumulation of axial 
permanent strain while the confining stress had an inverse one. Meaning a decrease in confining 
stress resulted in an increase in accumulated permanent strain in RLT tests when conducted at 
constant deviator stress. Conversely, increasing the deviator stress led to a rise in permanent strain 
accumulation when the confining stress was kept constant. This trend was also observed by several 
other researchers when permanent deformations in RLT tests increased at higher deviator stress 
levels or with confining pressure decreasing (Barksdale, 1972; Werkmeister, 2003). 
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In the same study, Barksdale (1972) investigated the effects of constant confining pressure 
and dynamic deviator stress on the behavior of unbound granular materials using an RLT apparatus 
where he concluded that permanent axial deformations had a positive linear relationship with the 
logarithm of the number of load cycles (Figure 2.7).  Moreover, researchers have also reported that 
the stress ratio (deviator stress/confining stress) could influence the magnitude of permanent 
deformation accumulation (Barksdale, 1972; Lashine et al, 1971; Pappin, 1979; Paute et al., 1996; 
Werkmeister, 2003). In another study, Lekarp and Dawson (1998) reported that the magnitude of 
permanent strain increased with a rise in stress path i.e. deviator stress (q)-mean normal stress (p) 
length. 
Numerous studies have also reported that granular materials become more susceptible to 
permanent deformation when the applied stress states approach the failure curve. Also, stress states 
exceeding the failure line are highly likely to result in an early failure of the material (Barksdale, 
1972; Raymond and Williams, 1978; Pappin, 1979; Thom, 1988; Paute et al., 1996). However, 
Lekarp and Dawson (1998) countered by suggesting that no direct relationship exists between the 
monotonic shear strength and the accumulative deformations and failure mechanism under cyclic 
loading differs from that of the static loading (Lekarp and Dawson,1998).  Additionally, Sweere 
(1990) concluded that unbound materials would be more prone to rutting or permanent 
deformation with the increase in the ratio of cyclic deviator stress (σc) to static confining pressure 
(σ3) (σc/σ3) (Figure 2.8). 
Besides stress states, number of load applications also play a major role in influencing the 
permanent deformation behavior of unbound materials where increasing the cycle of load 
applications will lead to a rise in cumulative permanent strain (permanent deformation) (Arnold, 
2004). Morgan showed that the permanent deformation increased even after up to 2 million load 
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cycles were applied to the specimens in RLT tests (Morgan, 1966). As mentioned earlier, 
Barksdale also reached the same conclusion that permanent axial deformations increased linearly 
with increasing applications of load cycles (Barksdale, 1972). Barksdale also concluded that after 
many numbers of repeated load applications permanent strain accumulation rate might 
demonstrate an abrupt increase.  
Figure 2.8: Permanent axial strain with number of load applications 
(Sweere,1990) 
On the other hand, Paute et al. (1996) demonstrated that under increasing repeated load 
applications, the accumulation rate of permanent strain in unbound granular materials continuously 
diminishes to a point where accumulation of permanent strain may have some definitive boundary 
values. Moreover, researchers have reported that at low stress level the accumulation of permanent 
strains is expected to reach an equilibrium on a certain stress path with increasing application of 
load cycles (Lekarp,1997; Lekarp and Dawson, 1998; Kolisoja, 1998). On the contrary, higher 
applied stress levels are associated with continuously increasing permanent deformations. 
In addition to number of load applications, the permanent deformation behavior of unbound 
materials also depends largely on the stress history effects. In other words, permeant deformation 
response will vary depending on the sequence of previously applied load as well as the stress path. 
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According to Dehlen, stress history effect occurs as the material undergoes more compaction due 
to particle rearrangement under repeated loading (Dehlen, 1969). As a result, the stiffness 
(resistance to permanent deformation) of the material will go up and unbound layers will 
eventually show less permanent deformation when exposed to any subsequent traffic loading.  
Figure 2.9: Stress history effects on permanent strain (Brown, 1975) 
Brown and Hyde (1975) demonstrated the influence of stress history on the permanent 
strain behavior of granular materials by showing that the sequential increase in the stress level 
resulted in considerably smaller permanent strains than the permanent strains that would have 
occurred if the material was directly exposed to the highest stress (Figure 2.9). Monismith et al. 
(1975) also arrived at the same conclusion by demonstrating that the permanent deformation 
accumulation rate was significantly high for materials that were tested under instantaneous highest 
stress states without any previous stress applications (Figure 2.10). On a similar note, Wichtmann 
(2005) reported that rutting in granular materials could be reduced if static preloading was applied to 
stabilize the grain skeleton (Wichtmann, 2005). Kim (2005) also studied the effects of stress history 
10         102  103              104      105               
Number of Cycles 
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on permanent strains of unbound materials and found that permanent strains observed from high to low 
stress loading tests were significantly higher than the ones found for low to high stress loading (Figure 
2.11 and Figure 2.12).  
Figure 2.10: Influence of stress history on permanent deformation accumulation 
(Monismith et al., 1975) 
Figure 2.11: Stress history effects on permanent strain, stress level low to high 
(Kim, 2005) 
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Figure 2.12: Stress history effects on permanent strain, stress level high to low 
(Kim, 2005) 
The importance of principal stress axis rotation caused by moving-wheel loading on 
pavement deformation behavior has been well documented in the literature by many researchers 
(Chan,1990; Thom and Dawson,1996; Momoya et al., 2005; Kim and Tutumluer, 2005; Powrie et 
al, 2008; Momoya et al., 2007; Maheshwari et al., 2012). Chan (1990) studied the effect of 
principal stress axis rotation on the permanent deformation behavior of crushed limestone in 
hollow cylinder tests. The Hollow Cylinder test is similar in principle to the RLT tests except that 
this device can better simulate actual stresses in the pavement under moving wheel load by rotating 
principal stresses. Chan (1990) observed that permanent strains increased significantly when 
hollow cylinder tests were conducted with shear stress reversal than the tests done with no shear 
stress. Several other researchers also found principle stress rotation to be the factor responsible for 
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Table 2.1: Material properties affecting permanent deformation of unbound granular 
materials (Saeed, 2008; Luo, 2014; Kazmee, 2018) 
Factor Change Permanent 
Deformation 
Moisture content Increase Increase 







Plasticity of fines 
content 
Increase Increase 
Particle angularity Increase Decrease 
Particle roughness Increase Decrease 
Density Increase Decrease 
In addition to the mentioned factors above, several other material related factors can also 
noticeably influence the permanent deformation in unbound granular materials such as moisture 
content, aggregate gradation etc. as summarized in Table 2.1 and details about these factors are 
available somewhere else in the literature (Lekarp et al., 2000; Werkmeister, 2003; Arnold, 2004). 
2.2.3.3 Shakedown in UGM 
Since the deformations of unbound granular material (UGM) are highly stress dependent, 
the use of shakedown theory has been a popular choice to rank UGM based on their structural 
responses under repeated loading (Arnold, 2004; Werkmeister et al., 2001; Werkmeister et al., 
2004; Werkmeister, 2006; and Tao et al., 2010). Pavement unbound aggregate layers are expected 
to undergo shakedown when the application of additional loads makes these layers to compress, 
gain strength with time, and stabilize as a result of the accumulated residual deformations. 
Shakedown phenomenon can also explain a range of behaviors, obtained at various strain levels 
and strain rates due to repeatedly applied loads on specimens such as in triaxial tests (Lekarp et 
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al., 2000). RLT tests apply repeated loads similar to the field stress conditions to a cylindrical test 
specimen and measure the corresponding deformations to evaluate the accumulation of permanent 
deformation with each load application (Thomspon and Nauman, 1993). Figure 2.13 depicts the 
aggregate shakedown concept with the three distinct zones (Werkmeister, 2001) described as 
follows: 
1. Zone A – plastic shakedown is characterized by a quick decrease in the residual
deflections which eventually leads to the layer showing no further residual deformation
with additional load repetitions.
2. Zone B – plastic creep initially goes through a decreasing residual deformation rate but
as the number of load cycles increases, the residual deformation rate increases
subsequently leading to an incremental collapse. This behavior has been attributed to
grain abrasion caused by the large resilient deformations seen in this stress range. The
grain abrasion is assumed to cause an angle of internal friction reduction by polishing
the grain contact points thus decreasing the coefficient of friction between grains. This
results in more residual deformation with additional load cycles without increasing the
applied stress.
3. Zone C – incremental collapse shows a slower reduction in the residual deformations
than range A or B and a quick resurgence of the strain rate after a very limited number
of load cycles. In this zone, it is probable that due to the high stress range both grain
abrasion and particle crushing combine to quickly cause failure.
The above classification basically introduces a set of limiting values to define the stress 
states at which the permanent strain magnitudes and accumulation rates would vary. The plastic 
shakedown limit or Zone A states the plastic shakedown-plastic creep boundary while Zone B or 
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the plastic creep limit defines the plastic creep-incremental collapse boundary. It is also likely that 
for all shakedown ranges, any particle rearrangement that took place due to stress would release a 
small amount of the residual compressive stress in an unbound layer that was induced by 
compaction and preloading of the layer, which in turn would result in additional rutting. 
Werkmeister (2003) proposed limiting permanent strain values for the Range A to B boundary are 
as following: 
Range A:  εP,5000  -  εP,3000 < 4.5x10-5
Range B:  4.5x10-5< εP,5000  -  εP,3000 < 4.0x10-4 
Range C: εP,5000  -  εP,3000 > 4.0x10-4 
where εP,5000  and εP,3000 are the accumulated permanent strains at the 5000th and 3000th load cycles. 
Though these criteria have been widely utilized including the European Standard (CEN, 2004) to 
characterize the granular material behavior under cyclic loading, several researchers have argued 
that these criteria will fall short to characterize a large array of granular materials since they were 
developed for a very few sets of RLT tests and highlighted the need to properly evaluate them 
before applying to local granular materials (Tao et al. 2010; Pérez and Gallego, 2016; Gu et al 
2017).  For example, in a recent study, Gu et al. (2017) studied the permanent deformation 
behavior of 14 different types of granular materials in Texas, and redefined new shakedown ranges 
and proposed a new set of shakedown range criteria as presented below: 
Range A:  εP,5000  -  εP,3000 < 6.0x10-5
Range B:  4.5x10-5< εP,5000  -  εP,3000 < 6.0x10-4 




Figure 2.13: Behavior of granular materials under repeated cyclic load  
(Werkmeister, 2001) 
2.3 Permanent Deformation Models of Granular Materials 
One of the approaches to compute rutting in flexible pavement system involves combining 
the total axial permanent strains in all the pavement layers while the other method is to integrate 
the rutting rate for each load applications over the pavement design life. Both these methods 
require proper estimation of permanent strains in unbound layers. As previously mentioned, 
characterization of unbound pavement materials is conducted by developing constitutive 
relationships or mathematical models through extensive laboratory tests such as the repeated load 
triaxial (RLT) test (Khedr, 1985). As mentioned earlier, RLT tests apply repeated loads like the 
field stress conditions to a cylindrical test specimen and measure the corresponding permanent 
strains to evaluate the accumulation of permanent deformation with each load application 
(Thomspon and Nauman, 1993). Most of the current permanent deformation models available in 
the literature are primarily mechanistic-empirical (M-E) in nature and have been developed based 
on RLT tests for characterizing permanent deformation behavior of unbound granular materials.  
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These M-E models can be further divided into two categories: single stage and multistage models. 
Multistage models are developed based on RLT tests that are conducted on one sample in one test 
but at different stress levels (Erlingsson and Rahman, 2013). On the other hand, single-stage RLT 
tests involve several samples being tested at different stress levels (Tseng and Lytton, 1989; ARA, 
2002; Korkiala-Tanttu, 2009; Chow et al., 2014).  
Barksdale (1972) proposed one of the earliest permanent deformation models based on 
RLT tests conducted with 100,000 load cycles using a constant confining pressure and triangle 
stress pulse. Barksdale (1972) demonstrated that a linear relationship exists between permanent 
axial strain and the logarithm of number of load cycles. Later, Monismith et al. (1975) developed 
another model that could predict permanent deformation behavior below the plastic shakedown 
limit, which is the asymptotic permanent deformation response as defined in the shakedown theory 
(Werkmeister, 2003).   
Several researchers have also utilized Full Scale Accelerated Pavement Testing (APT) 
database to develop rut prediction models. Wolff and Visser (1994) investigated the Full Scale 
APT results and proposed that the progression of rutting in pavements consisted of two phases. 
Their model suggested that though the rate of rutting during the initial phase would increase rapidly 
under repeated traffic loading, but that rate would constantly diminish with the progression of 
traffic. Likewise, during the second phase when the pavement had already been subjected to many 
traffic passes, the rate of increase in rutting would slow down significantly. Hence, they proposed 
a linear permanent deformation model with an exponential decay function to capture the rapid 
increase in rutting during the early stages of trafficking. Theyse (1997) further improved the model 
developed by Wolff and Visser (1994) along with a large collection of Multi-depth deflectometer 
(MDD) data from the South African Heavy Vehicle Simulator (HVS) program to compute the 
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model coefficient values. These coefficients were calculated as functions of the backcalculated 
stress invariants and material properties and were later implemented into the South African 
Mechanistic Design Method. 
A summary of the most widely used permanent deformation models found in the literature 
is given in Table 2.2. However, please note that most of these permanent deformation models were 
developed based on investigating the resilient behavior of unbound granular materials through tests 
such as repeated load triaxial (RLT) and they predict rutting with respect to number of load cycles 
by incorporating the influence of stress levels. But, as discussed in the previous section, the 
permanent deformation behavior of UGM is very complex and many load and material related 
factors in combination influence the UGM permanent deformation behavior. However, several 
models mentioned in Table 2.2 do not properly take into account the effects of principal stress axis 
rotation under moving wheel loads, and none properly considers the previous stress history effects 
due to vehicle wander, a phenomenon commonly observed in airport pavements. Hence, the 
adequacy and efficacy of these models could only be validated using field rutting data when 
previous stress history effects were properly considered in the laboratory for permanent 
deformation model development.  
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Table 2.2: Summary of current permanent deformation models for unbound granular layers 
(Arnold, 2004; Lekarp et al. 2000; Korkiala-Tanttu, 2009; Xiao et al. 2015) 
References Mathematical Expression of the model Equation Parameters 
Barksdale, 1972 
𝜀𝜀𝑝𝑝 = 𝑎𝑎 + 𝑏𝑏 𝑙𝑙𝑙𝑙𝑙𝑙(𝑁𝑁) 
2.1 εp= axial permanent strain;  
εa = axial permanent strain;  
εp (Nref) = the permanent axial strain at a given reference number of 
cycles Nref ;  
N = number of load applications;  
fnN= shape factor 
q0= modified deviator stress =�2
3
q 
p0= modified mean normal stress =√3𝑝𝑝 
ε0, β, and ρ = material parameters that are different for each sample; 
𝐾𝐾𝑝𝑝= bulk modulus with respect to permanent deformation 
𝐺𝐺𝑝𝑝= shear modulus with respect to permanent deformation 
RR = rutting rate; 
RD = rut depth; 
σ1= major principal stress,  
σ1,f = major principal stress at failure;  
a1, a2, b1, and b2 = model parameter estimates; 
σd = deviatoric stress;  
p0 = normalizing reference stress;   
L = length of stress path;  
p = mean normal stress �𝑝𝑝 =  (𝜎𝜎1 + 𝜎𝜎2 + 𝜎𝜎3) 3� �;
q = deviator stress (𝑞𝑞 = 𝜎𝜎1 − 𝜎𝜎3);  
(q/p)max = maximum stress ratio; 
𝛿𝛿(𝑁𝑁)= permanent deformation corresponding to N-load application. 
c= cohesion; 
C= permanent strain in the first loading cycle, a material state 
parameter; 
b= shear ratio parameter depending on the material; 
Monismith et al., 1975 𝜀𝜀𝑝𝑝 = 𝐴𝐴𝑁𝑁𝑏𝑏 2.2 











Veverka) 𝜀𝜀1,𝑝𝑝 = 𝑎𝑎𝜀𝜀𝑟𝑟𝑁𝑁𝑏𝑏 2.5 



















Tseng and Lytton, 1989 𝜀𝜀𝑚𝑚 = 𝜀𝜀0𝑒𝑒
−�𝜌𝜌𝑁𝑁�
𝛽𝛽 2.7 
Wolff, 1992 𝜀𝜀𝑝𝑝 = (𝑚𝑚𝑁𝑁 + 𝑎𝑎)(1 − 𝑒𝑒−𝑏𝑏𝑁𝑁) 2.8 
Thompson and 





Wolff and Visser, 1994 𝜀𝜀1,𝑝𝑝 = (𝑐𝑐𝑁𝑁 + 𝑎𝑎)(1 − 𝑒𝑒−𝑏𝑏𝑁𝑁) 2.10 
van Niekerk and 























Table 2.2 Cont. 
Bonaquist & Witczak, 




2.13 R= shear failure ratio; 
J2= second invariant of the deviatoric stress tensor; 
I1= first invariant of the stress tensor; 
εο, ρ, β, m, and n = model parameters; 
ϕ= friction angle; 
τf= shear Stress; 
τmax = Shear Strength;  
A, B, C, D = regression coefficients  
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Gidel et al., 2001  
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𝑃𝑃𝐷𝐷 = 𝑑𝑑𝑁𝑁 +
𝑐𝑐𝑁𝑁
[1 + (𝑐𝑐𝑁𝑁𝑎𝑎 )
𝑏𝑏]1 𝑏𝑏�
 2.19 
𝑃𝑃𝐷𝐷 = 𝑑𝑑𝑁𝑁 + 𝑎𝑎(1 − 𝑒𝑒−𝑏𝑏𝑁𝑁) 2.20 
𝑃𝑃𝐷𝐷 = 𝑡𝑡𝑒𝑒𝑚𝑚𝑁𝑁 − 𝑢𝑢𝑒𝑒−𝑏𝑏𝑁𝑁 − 𝑡𝑡 + 𝑢𝑢 2.21 
𝐿𝐿𝑙𝑙𝑙𝑙 𝑁𝑁 = −13.43 + 0.29𝑅𝑅𝐷𝐷 − 0.07𝑆𝑆𝑡𝑡








Wu et al. Model, 2011  𝜀𝜀𝑝𝑝(𝑁𝑁) = 𝜀𝜀𝑣𝑣 ∙ 𝑎𝑎 ∙ �







Table 2.2 Cont. 
Chow et al., 2014 𝜀𝜀𝑝𝑝 = 𝐴𝐴𝑁𝑁𝑏𝑏𝜎𝜎𝑑𝑑𝑐𝑐(
𝜏𝜏𝑓𝑓
𝜏𝜏 𝑚𝑚𝑚𝑚𝑚𝑚
)𝐷𝐷 2.25  








.𝑁𝑁𝑑𝑑 . exp[𝑘𝑘.𝐹𝐹𝐹𝐹𝑅𝑅 + 𝑚𝑚.𝐴𝐴𝐴𝐴 +
𝑓𝑓. 𝑆𝑆𝑆𝑆] . exp [𝑒𝑒. �𝑤𝑤 −𝑤𝑤𝑜𝑜𝑝𝑝𝑜𝑜� +
𝑓𝑓.𝑤𝑤𝑃𝑃𝐴𝐴. �𝜏𝜏𝑓𝑓
𝜏𝜏 𝑚𝑚𝑚𝑚𝑚𝑚





Gu et al., 2016 


















2.4 Full-scale Accelerated Pavement Testing on UGM Behavior 
Saeed (2003) defined accelerated pavement testing (APT) to be “the application of wheel 
loads to specially constructed or in-service pavements to determine pavement response and 
performance under a controlled and accelerated accumulation of damage in a short period of 
time”. AASHO Road Test marked the beginning of APT in late 1950s to merge the gap between 
empirical models and pavement responses observed under real world traffic loading. And since 
then, several studies have been conducted using various APT facilities across the world (Steyn, 
2012). Since the focus of this doctoral study is to investigate the damage mechanisms observed in 
unbound layers utilizing full scale APT database, a brief discussion on a few prominent APT 
studies on UGM behavior performed by various research facilities and transportation agencies is 
presented in this section.  
Several full-scale accelerated pavement test sections were built inside the Frost Effects 
Research Facility (FERF) at the U.S. Army Corps of Engineers Cold Regions Research and 
Engineering Laboratory (CRREL) and were trafficked with a Mark IV Heavy Vehicle Simulator 
(HVS) (Odermatt et al., 1999). Trafficking concluded when the test sections showed rut depths of 
12.5 mm. Odermatt et al. (1999) analyzed the results of post traffic forensic studies that most of 
the accumulated permanent strain occurred in the base (more than 20 percent occurred in the base) 
and at the top of the subgrade (70 percent occurred in the subgrade).  
Bejarano and Ullidtz (2004) developed a phenomenological rutting model by using the 
pavement response database from full-scale accelerated pavement tests conducted at the University 
of California Pavement Research Center to characterize the permanent deformation behavior of 
unbound materials in flexible pavement sections. The recursive rutting model took into 
consideration the stress level, material condition, and number of load applications. They concluded 
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that the success of implementing the model coefficients depended on proper material 
characterization. Additionally, the analysis of permanent strain in unbound aggregate base, 
subbase, and subgrade layers showed that permanent deformation was limited to asphalt concrete 
and aggregate base layers.  
Figure 2.14: Rutting in two full scale accelerated pavement test sections 
(Odermatt et al., 2004)  
Odermatt et al. (2004) investigated the rutting performance provided by accelerated 
pavement test sections built with both crushed and uncrushed materials at the Swedish National 
Road and Transport Research Institute (VTI) using the Nordic Heavy Vehicle Simulator (HVS-
Nordic). The HVS applied a 60 kN, dual wheel, and bi-directional loading on the test section and 
the APT test data collected included stresses, strains, and surface rut data. Additionally, triaxial 
tests were conducted under a constant horizontal stress and vertical cyclic stress between 100 to 
1200 kPa. Field test results indicated that road section built with crushed material demonstrated 
higher permanent deformation than that of the uncrushed (Figure 2.14). Interestingly, the opposite 
scenario was observed in the triaxial tests where the crushed materials had less permanent 
deformation. The authors concluded that the better aggregate interlock in the crushed aggregate 
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specimen in the RLT tests played a major role in improving the permanent deformation 
performance. On the other hand, insufficient compaction might have led to more field rutting of 
the section built with crushed materials. 
Wu et al. (2007) evaluated the performance of three full scale thin flexible pavement test 
sections built with different chemically treated base and subbase materials at the Louisiana 
Accelerated Loading Facility. The findings showed that the cement-treated subbase had lower 
rutting than a lime-treated subbase and heavier loads resulted in a higher percentage increase in 
vertical stresses on top of the subgrade than the ones observed on top of the treated subbase. 
Various researchers have developed and calibrated different pavement response models 
using the datasets from Canterbury Accelerated Pavement Testing Indoor Facility (CAPTIF) 
located in New Zealand (Arnold, 2004; Steven et al., 2007; Werkmeister et al., 2005; Gonzales, 
2009).  Henning et al. (2007) analyzed various sites data from LTPP database along with CAPTIF 
database to model pavement deterioration with respect to both rutting and cracking and made the 
following conclusions: 
• Rutting mechanism was divided into three phases 1) initial densification; 2) rutting
progression; 3) initiation of accelerated rut progression. Strong pavements only showed
two phases i.e. initial densification and rutting progression.
• The initiation of accelerated rut progression could be predicted with a linear logistic
model.
Hussain et al. (2011) studied the effects of the geology, nature of fines, gradation and 
moisture on the rutting performance of flexible pavement sections built with three greywacke 
aggregate materials with different gradations using the full scale accelerated pavement testing 
facility at CAPTIF. They observed that rutting behavior was primarily affected by the gradation 
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rather than the coarse aggregate fractions. Materials with a Talbot’s gradation value constant of 
0.5 showed good performance while those with a value of 0.37 performed poorly.  Hussain (2012) 
also analyzed the unbound granular material behavior under surface water runoff condition in the 
same facility where a total of six pavement sections were constructed with different aggregate base 
materials and sealing. Results from this study showed that the packing characteristics of the 
corresponding base course particle size distribution can influence the surface water penetration. 
Accelerated pavement tests study were conducted to study the effects of multiple axle loads 
on the unbound granular material performance at the Australian Road Research Board (ARRB) 
Accelerated Loading Facility. Most of the rutting occurred in the unbound layer while the rutting 
observed in the subgrade layer was minimal to none (Moffatt, 2013; Moffatt et al., 2011). 
Additionally, it was observed that the accumulated permanent deformation trends were similar for 
both tri-axle and single axle assembly (Moffatt, 2016).  
Several full-scale accelerated pavement test studies have been completed over numerous 
construction cycles at the National Airport Pavement Test Facility (NAPTF) located at the William 
J. Hughes Technical Center near Atlantic City, New Jersey to generate airport pavement response
database under real world air traffic loading (Kim 2005; Kim and Tutumluer 2005; Kim and 
Tutumluer, 2006; Donovan 2009). Kim and Tutumluer (2005, 2006) investigated the effects of 
principal stress rotations under moving wheel loads on the permanent deformation behavior of 
unbound granular layers and concluded that to accurately predict the permanent deformation 
potentials of unbound layer, the effects of principal stress rotation must properly be accounted for 
in any unbound layer rut prediction model.  In the same study, Kim and Tutumluer (2005) 
established permanent deformation models through laboratory research efforts that considered 
both applied stress states and the number of load applications for constant (stationary wheel/plate 
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loading directly above the pavement element) and variable (moving wheel loading) confining 
pressure conditions, as CCP and VCP models, respectively. 
 Kim and Tutumluer (2008) also studied the influence of multiple wheel gear interactions 
on flexible airport pavements and found out that the traditional approach of single wheel load 
response superposition may fall short to correctly characterize the behavior of pavement sections 
trafficked with complex landing gear configurations applied with wander. Critical pavement 
responses as well as the locations in the pavement sections were found to be noticeably influenced 
by the landing gear types (single, tandem, and tridem).  
Full scale accelerated pavement test data from full-scale aircraft gear loading conducted at 
NAPTF denoted as Construction Cycle 1 (CC1) and Construction Cycle 3 (CC3) tests were also 
analyzed to investigate the effects of wander (offset loads) on the deformation behavior of unbound 
aggregate layers in asphalt pavement test sections (Donovan, 2009). Insights were drawn on the 
complex rebound (recovered) and residual (unrecovered) deformation trends of granular materials 
due to passing of each of the 6-wheel (B777) and the 4-wheel (B747) gears for various 
combinations of loading (stress history effects), wander positions and sequences. Findings 
indicated that the application of the sequential wander pattern to the low and medium strength 
subgrade asphalt pavement test sections caused constant particle rearrangement and movement 
even under the confinement of an asphalt surface layer if the applied stress was high enough 
(Donovan, 2009).  Since the unbound aggregate particles constantly move due to lateral shifting 
of traffic location, the stabilization expected to materialize from the formation of a stable particle 
mix in unbound aggregate layers under repeated loads or the shakedown effects never materialized. 
These findings were further cemented by the comparison of channelized traffic and traffic with 
wander which showed that traffic with wander was more detrimental to the unbound aggregate 
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layers due to the increased movement and rearrangement of particles in the unbound aggregate 
layers. This phenomenon negates the shakedown effect and has been referred to as the “anti-
shakedown” effect (Donovan, 2009). The strength reduction can be attributed to two factors: (1) a 
less dense particle matrix and (2) grain abrasion which reduces the coefficient of friction between 
particle contact points (Zone B shakedown behavior). Donovan (2009) also proposed a 
methodology to determine the relative damage to unbound granular and subgrade layer utilizing 
base damage index (BDI) and base curvature index (BCI) parameters calculated from heavy weight 
deflectometer (HWD) basin.   
More discussion on the other full scale accelerated pavement testing studies are not within 
in the scope of this study and is available elsewhere in the literature (Hugo and Martin, 2004; 
Steyn, 2012; Jones, 2012). 
2.5 Airfield Flexible Pavements 
2.5.1 Differences between airfield pavement and highway pavement traffic 
Unlike highway pavements which mostly receive channelized traffic, damages in airport 
pavements occur differently due to differences in the magnitude of wheel loading, number of load-
repetitions, number of passes, channelized/non-channelized traffic, gear configuration, tire 
pressure, and applied break force. Compared to highway pavements, airport pavement traffic loads 
are far greater than those in highway pavements. Also, the traffic in highway is mostly channelized 
and the load-distribution is similar among the lanes, but airport traffic usually does not follow a 
channelized behavior during takeoff or landing and the gear/wheel loads are usually distributed 
mostly within 20 meters of the center of the runway width.  
 The lateral drift of aircraft from the center line on runways are called wander, which 
significantly contributes to the distinct characteristics of stress-strain behavior of airport pavement 
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layers compared to highway pavements. The concept of wander originates from the fact various 
aircraft do not follow a specific travel lane but rather are allowed to drift laterally from the center 
within the large width during takeoff, landing or taxing along the runway/taxiway. Despite being 
aided with center-line markings, aircraft very rarely travel in a straight path following the center 
line or follow the same path during multiple takeoff/landings. In other words, aircraft travel paths 
are much more widely distributed laterally compared to highway traffic. Complex gear 
configurations of new generation aircraft as well as large variation in these configurations in 
various types of aircraft contribute to variable wander on the airport pavements. Airport runways 
and taxiways can have widths up to 200 ft and 100 ft, respectively; which can provide a large area 
for wander even for the widest gear configuration, when compared to highway traffic where the 
channelized traffic is confined in smaller width for their wander tolerances (see Figure 2.15).  
Figure 2.15: Airport pavement edge clearances for large aircrafts 
(Adapted from Donovan, 2009) 
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Figure 2.16: Highway pavement edge clearances for tractor-trailer 
 (Adapted from Donovan, 2009) 
However, even if all types of airplanes would follow channelized traffic during 
landing/takeoff/taxing i.e., traveling with no wander, these varied gear configurations contribute 
to variable pavement responses due to varied gear offsets and consequent variation in transverse 
loading. Along these lines, wander width of a runway/taxiway is defined as the width where 75% 
of all passes happens for all the aircraft and probabilistically, this 75% coverage of the width is 
normally distributed due to large number of aircraft passes (Brown and Thompson, 1973). FAA 
design rules take 70 ± 30.435 inches and 140 ± 60.9 inches of wander widths for the interior of 
runway and taxiway, respectively, following recommendation from Brown et al. (1973). Brown 
and Thompson calculated these design criteria from analyses of pavement data from military bases 
collected on four military aircraft: B-47, B-52, KC-37 and KC-135 (Brown et al.,1973). Figure 
2.17 shows the wheel locations of some of the airplanes currently in service with regard to 70 
inches of wander width.  
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Due to such wander patterns, several passes of the airplane are required to create one full 
loading effect at the critical point on an airport pavement, and equivalent to a full loading from a 
single pass of a single axle vehicle on the highway. This load calculation depends on the pass-to-
coverage ratio of each aircraft defined as follows: one coverage occurs when a unit area of the 
pavement receives a full response i.e. maximum strain for flexible pavements for a given aircraft. 
Gear configurations also influence the loading distribution of the weight of the airplane and 
contribute to the deformation behavior of the airfield pavements. Additionally, the total takeoff 
weight of an airplane also comes into consideration for pavement design in airfields which is 
typically much higher than the weights of highway vehicles (i.e., typically 50 tons for aircraft vs 
10 tons for highway vehicle). The airplane tire pressures are much higher (up to 1.580 MPa) than 
those of conventional truck tires (up to 0.800 MPa) and this major difference in tire pressure also 
comes into consideration for pavement design as it influences the load behavior and pavement-tire 
interactions. Overall, specific design constraints and considerations defer vastly between the 
highway and airfield pavements and it is clear that airport and highway pavements will respond 
differently to moving load due to their respective wander patterns and channelized traffic 
movements.  
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Figure 2.17: Gear wheel centerlines with 70 in. (1,778 mm) wander width for a variety of 
large aircraft in service (Adapted from Donovan, 2009) 
2.5.2 Stresses in airport pavements and the impact of wander 
As explained earlier, the dynamic nature of moving load generates a mode of stress/strain 
where it involves rotation of the principal stress plane as the load moves forward over a location 
and goes past it – at the same time, shear stress reverses the direction. From Figure 2.4, it can be 
seen that as the moving load approaches the pavement point of interest, the horizontal component 
of the principal stress (which is higher than vertical component initially) and vertical component 
continue to increase and when the load is on top of the pavement element, they reach their own 
maximum peak, but at this stage, the vertical stress is much higher than the horizontal component 
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– causing the element to get compressed. As the wheel moves away from the element of interest, 
the element goes back to extension stage owing to decreasing vertical stress compared to horizontal 
stress. Repetitive cycles of principal stress axis rotation and associated shear stress reversals result 
in permanent strains in unbound layers of flexible pavements which should be taken into account 
during design of the flexible pavements.     
 
Figure 2.18: Major and minor principal stresses from offset moving wheel load  
(Adapted from Donovan, 2009) 
Pavement stresses due to aircraft wander are different from the stresses obtained from a 
channelized traffic pattern moving wheel load. Because the stresses applied by an offset moving 
wheel will be similar in nature as a channelized moving load but the magnitude of the stress coming 
from an offset moving load will probably be lower.  The horizontal stress may have the largest 
magnitude for the entire wheel pass with increasing offset because of the wheel being too far away 
would cause higher vertical stress. So, the soil element may expand vertically because the 
horizontal stress remains greater than the vertical stress. Figure 2.18 shows the major and minor 
principal stresses on the critical soil element with an offset wheel load. The soil element may 
expand vertically if the upward vertical stress induced by the offset wheel load is greater than the 
downward vertical confining stress on the soil element caused by the overburden. However, 
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vertical heave does not necessarily mean reduced layer density as the expansion may result from 
particles shifting horizontally from under a load to the area outside the load distribution zone. This 
phenomenon, also mentioned earlier, known as the “anti-shakedown” effect, causes soil particles 
to rotate, move horizontally and vertically, and slide against one another, could result in the 
disruption of the stable arrangement that existed before, thus increasing the damage/failure 
susceptibility of the pavement layer. 
2.6 Airport Flexible Pavement Design Criteria and Summary 
A typical airport pavement operates in satisfactory state through most of its life-cycle 
before the pavement starts deteriorating in a significant rate when the maintenance cost becomes 
prohibitively higher. According to FAA AC 150/5380-7B, “maintaining and preserving a 
pavement in good condition versus rehabilitating a pavement in fair to poor condition is four to 
five times less expensive and increases pavement useful life”. The duration of good life-span of 
the airport pavement (Figure 2.19) depends on multiple factors ranging from pavement type and 
construction quality to total traffic load and types, climate, and frequency/quality of maintenance 
activities.  
While ideally the pavement rehabilitation should be performed when the rapid wear period 
starts, this period and mode of the failures for such worsening of airport pavement are hard to 
predict. While visible cracks caused due to environmental factors may be easily identifiable and 
sealed, structural deterioration due to sudden increase in air traffic/aircraft loadings is not easily 
tractable and thus may cause larger damage than predicted during the design phase. The distress 
modes of airport pavements are classified by FAA (AC-150-5380-6C) to be of four broad 
categories: cracking, disintegration, distortion, and loss of skid resistance. Table 2.3 lists the 
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distress types that belong to these broad categories. However, rutting is a major distress mode 
(which is of interest of the current study) of the airfield pavement. 
Figure 2.19: Typical pavement condition life cycle (FAA AC 150-5380-7B) 
According to the US Army Corp of Engineers, one of the airfield structural failures include 
deep rutting accompanied by 1 in. (25.4 mm) upheaval outside the traffic lane which indicates 
structural shear failure in the subgrade or other supporting layers while the other is the point when 
the pavement is no longer waterproof because of surface cracking, signifying complete structural 
failure of the surface layer (Ahlvin et al., 1971). However, rutting can occur without the presence 
of any cracking and not all cracking is accompanied by rutting. Such failures can only be corrected 
by rehabilitation of the pavement, thus making rutting to be of significant impact and making rut 
prediction essential for structural health monitoring of airport pavements. Airport pavements are 
designed based on the number of passes of a given design aircraft and the maximum load carried 
by this design aircraft determines the life-span of the pavement. The following subsection provides 
a summary of current design procedure recommended by FAA for designing flexible pavements.  
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Table 2.3: Distress modalities of airport flexible pavement 
Aircraft Distress Types (AC 150/5320-17) 







Patches & potholes Patches 
Potholes 
Surface deformation Rutting 
Distortion: rippling and shoving 
Settling 
Frost heave 
Surface defects Flushing 
Polishing 
Raveling 
Federal Aviation Administration (FAA) developed the FAARFIELD software program 
which is based on layered elastic structural analysis to design thicknesses for airfield flexible 
pavements (AC 150/5320-6F). FAARFIELD determines the individual layer thickness 
requirements for flexible airport pavements by utilizing failure models developed based on full 
scale accelerated pavement test results for a specific structural life. Structural life (20 years for 
FAA funded projects) is related to the total number of load cycles that a pavement structure will 
support before it fails, and the failure criteria considered in FAARFIELD are the maximum vertical 
strain on top of the subgrade and maximum horizontal strain at the bottom of the asphalt layer to 
protect the pavement from rutting and fatigue cracking, respectively. The structural design of 
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airport pavements includes determining the thickness of each pavement layer which depends on 
several factors such as air traffic mix, volume, and distribution, landing gear types and 
configurations, subgrade strength, etc.  
As mentioned earlier, due to wander it may take several passes of an airplane for a critical 
pavement location to receive a full load application. The ratio of the number of passes required to 
apply one full load application to a unit area of the pavement is known as the pass-to-coverage 
(P/C) ratio. To calculate the P/C ratio, FAARFIELD uses the concept of effective tire width which 
is defined at the top of the subgrade by “response lines” drawn at a 1:2 slope from the edges of the 
tire contact surface to the top of the subgrade. Additionally, the pavement design procedures in 
FAARFIELD implements the cumulative damage factor (CDF) concept which is the ratio of 
applied load repetitions to allowable load repetitions to failure and defined as the following 
expression: 
𝐶𝐶𝐷𝐷𝐹𝐹 =
𝑓𝑓𝑢𝑢𝑚𝑚𝑏𝑏𝑒𝑒𝑛𝑛 𝑙𝑙𝑓𝑓 𝑎𝑎𝑝𝑝𝑝𝑝𝑙𝑙𝑠𝑠𝑒𝑒𝑑𝑑 𝑙𝑙𝑙𝑙𝑎𝑎𝑑𝑑 𝑛𝑛𝑒𝑒𝑝𝑝𝑒𝑒𝑡𝑡𝑠𝑠𝑡𝑡𝑠𝑠𝑙𝑙𝑓𝑓𝑠𝑠
𝑓𝑓𝑢𝑢𝑚𝑚𝑏𝑏𝑒𝑒𝑛𝑛 𝑙𝑙𝑓𝑓 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑤𝑤𝑎𝑎𝑏𝑏𝑙𝑙𝑒𝑒 𝑛𝑛𝑒𝑒𝑝𝑝𝑒𝑒𝑡𝑡𝑠𝑠𝑡𝑡𝑠𝑠𝑙𝑙𝑓𝑓𝑠𝑠 𝑡𝑡𝑙𝑙 𝑓𝑓𝑎𝑎𝑠𝑠𝑙𝑙𝑢𝑢𝑛𝑛𝑒𝑒
 
          =  
(𝑎𝑎𝑓𝑓𝑓𝑓𝑢𝑢𝑎𝑎𝑙𝑙 𝑑𝑑𝑒𝑒𝑝𝑝𝑎𝑎𝑛𝑛𝑡𝑡𝑢𝑢𝑛𝑛𝑒𝑒𝑠𝑠)𝑒𝑒(𝑙𝑙𝑠𝑠𝑓𝑓𝑒𝑒,𝑦𝑦𝑒𝑒𝑎𝑎𝑛𝑛𝑠𝑠)
� 𝑝𝑝𝑎𝑎𝑠𝑠𝑠𝑠𝑐𝑐𝑙𝑙𝑐𝑐𝑒𝑒𝑛𝑛𝑎𝑎𝑙𝑙𝑒𝑒 𝑛𝑛𝑎𝑎𝑡𝑡𝑠𝑠𝑙𝑙� 𝑒𝑒(𝑐𝑐𝑙𝑙𝑐𝑐𝑒𝑒𝑛𝑛𝑎𝑎𝑙𝑙𝑒𝑒𝑠𝑠 𝑡𝑡𝑙𝑙 𝑓𝑓𝑎𝑎𝑠𝑠𝑙𝑙𝑢𝑢𝑛𝑛𝑒𝑒)
 




CDF is calculated to identify the aircraft that are most damaging to the pavement based on 
their gear spacing, load, and location of gear relative to the pavement centerline. Once the damage 
coming from each of the aircraft is determined, FAARFIELD determines the total cumulative 
damage from all aircraft in the design traffic mix based on the Miner’s law. FAARFIELD 
calculates the CDF for each 10-inchwide strip along the pavement over a total width of 820 inches 
(AC 150/5320-6F). On the other hand, pass-to-coverage ratio is calculated for each 10-inch wide 
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strip assuming that traffic is normally distributed laterally where 75 percent of airplane passes 
would fall within a “wander width” of 70 inches.  
Also, FAARFIELD calculates a separate CDF for each failure mode included in the design 
procedure. For example, the thickness is adjusted to make the CDF for subgrade failure equal to 1 
in flexible pavement design and then the CDF is calculated again for asphalt fatigue cracking.  The 
asphalt is expected not to fail in cracking before the subgrade fails if the asphalt CDF is less than 
1. On the other hand, if the asphalt CDF is found to be greater than 1, the asphalt is predicted to 
fail before the subgrade, and base and subbase layers should be redesigned so that asphalt CDF is 
less than 1 in the final design. Note that by default, FAARFIELD considers only the vertical 
subgrade strain for flexible pavement thickness design because in most cases subgrade strain 
criterion governs the thickness design. But the user has the option to also calculate the asphalt 
strain to do a safety check before finalizing the design. Interestingly, FAARFIELD does not take 
into account an airport pavement to fail due to excessive pavement deformation accumulation or 
rutting contributed by the unbound aggregate base and subbase layers. Note that this has often 







Federal Aviation Administration (FAA) built the National Airport Pavement Test Facility 
(NAPTF) to generate full-scale testing/trafficking data to support the investigation of the 
performance of airport pavements subjected to complex gear loading configurations of new 
generation aircraft loading applied with wheel wander. The NAPTF is an indoor but not 
temperature-controlled testing facility with a 900 ft long and 60 ft wide test track. Tests are 
conducted using a rail-based vehicle that can apply loading up to 1.3 million pounds with various 
combinations of landing gear and wander sequences. Each carriage in the vehicle can be equipped 
with two load axles with each axle capable of carrying 20 wheels. Figure 3.1 shows a photo of the 
NAPTF with the test vehicle and possible aircraft gear configurations studied.  Traffic tests are run 
in a fully automatic control mode at a travel speed of 2.5 mph that represents aircraft taxiing from 
the gate to the takeoff position. Full scale testing conducted at the NAPTF are denoted by 
construction cycles, and the first series of tests, referred to as Construction Cycle 1 (CC1) tests, 
started in September 1999 (Gopalakrishnan, 2004). One of the recent series of full-scale flexible 
pavement tests conducted between years 2008 and 2012 is referred to as the Construction Cycle 5 
(CC5) test, which is the subject of this doctoral study. The CC5 test database included individual 
pavement responses collected using installed sensors, such as Multi-Depth Deflectometer (MDDs) 








Figure 3.1: (a) NAPTF test vehicle and (b) possible landing gear configurations 
 
 
NAPTF CC5 test design included twelve test sections built with two different subbase 
materials, namely crushed quarry screenings and dense graded aggregate (DGA) and tested with 
four different landing gear configurations (10-wheel wide spacing, 10-wheel narrow spacing, 6-
wheel, and 10-wheel gears similar in arrangement like Antonov, referred to as 10-wheel in this 
study). Figure 3.2 shows the plan view of the CC5 experimental study, which consisted of 12 test 
sections designated as LFC1, LFC2, LFC3, and LFC4.  
 
Figure 3.2: Plan view of NAPTF CC5 test sections 
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Test items LFC1 and LFC2 were further split into four sections entitled as northeast (NE), 
northwest (NW), southeast (SE), and southwest (SW). Each of these sections was around 30 ft 
wide and approximately 37.5 ft long, except for section LFC3 and LFC4 which were around 30 ft 
wide and 40 ft long. The east sections were separated from the west ones by a 10 ft wide transition 
zone. Test items LFC3 and LFC4 were split into two sections designated as north and south. The 
details of the layer configurations of the test sections denoted as LFC1-NE, LFC1-NW, LFC1-SE, 
LFC1-SW, LFC2-NE, LFC2-NW, LFC2-SE, LFC2-SW, LFC3-N, LFC3-S, LFC4-S, and LFC4-
N are presented in Figure 3.3. 
 




The primary purpose of CC5 test series was to evaluate the closely spaced multiple wheel 
interaction effects on the pavement damage behavior. A series of material characterization tests 
were conducted on all the materials used in the NAPTF pavement test sections both at various 
stages of construction and field testing. Table 3.1 provides a summary of the available material 
characterization data.  The following subsections will discuss the available physical properties of 
the construction materials used to build the NAPTF CC5 test sections. More details on the CC5 
material and construction requirements can be found in FAA’s “Standards for Specifying 
Construction of Airports” (AC 150/5370-10H). 
Table 3.1: Summary of available CC5 test section layer material  
characterization tests and properties 
NAPTF CC5 
materials 





During construction and 
post traffic 
ASTM D4429 
Field Density During construction ASTM D2937 
In-situ Moisture Content During construction ASTM D2216 
Vane Shear Test Post traffic ASTM D2573 
Subbase 
 
Gradation Curves Pre-Traffic ASTM C136 
CBR Post traffic ASTM D4429 
Dynamic Cone Penetrometer Post traffic ASTM D6951 
Field Density by Sand Cone 
Method 
During Construction AASHTO T191 
Modified Proctor Test Pre-Traffic ASTM D1557 
Atterberg Limits Pre-Traffic ASTM D4318 
Triaxial Tests  
(Resilient Modulus & Quick Shear) 
Pre-Traffic AASHTO T 307 
Base 
Dynamic Cone Penetrometer Post traffic ASTM  6951 
Density and Moisture Content Post traffic AASHTO T 310 
Field Density by Sand Cone 
Method 
During Construction AASHTO T 191 
Field Density by Nuclear Density 
Gauge  
Pre-Traffic ASTM D2922-05 
and  
ASTM D3017-05 
Triaxial Tests  
(Resilient Modulus) 
Pre-Traffic AASHTO T 307 







3.2.1 Low strength subgrade - DuPont clay 
The low strength subgrade used in CC5 test sections was the DuPont clay subgrade with 
low California Bearing Ratio (CBR) values (target average CBR of 3.3 at an average moisture 
content of 37.6%). Hence, the sections were designated as LFC where “L” represents the low 
strength subgrade, “F” stands for pavement type which is flexible (asphalt) and “C” signifies the 
conventional base course. Construction of CC5 test sections involved the replacement of LFC1 
and LFC2 of the previously built CC5 Test Strip and LFC3 and LFC4 of the previous construction 
cycle 3 (CC3) test items. DuPont Clay subgrade was placed in five lifts of 4 to 8 in. thickness with 
the thicker lifts constructed at greater depths below. It was used as a subgrade material due to its 
availability as well as for having a greater consistency of moisture and strength over 
time. According to the Unified Soil Classification system (USCS), the DuPont clay is a fat clay 
(CH) material with a typical liquid limit of 66 percent, and a plasticity index of 33 percent (Garg 
et al., 2009). Figure 3.4 presents the typical grain size distribution for the DuPont clay also used 
previously in CC1 and CC3 test sections.  
 
Figure 3.4: Particle size distribution for NAPTF DuPont clay subgrade  




Fine grained subgrade soils display stress softening resilient behavior meaning resilient 
modulus would decrease with an increase in applied deviator stress under repeated loading. This 
stress-softening behavior of subgrade soils has been well-documented in literature and several 
constitutive models have been developed to characterize the modulus behavior.  Equation 3.1 and 
Equation 3.2 present the bi-linear arithmetic model that captures the stress-softening behavior of 
fine-grained soils by the use of a breakpoint deviator stress and expresses the subgrade resilient 
modulus as a bilinear function of the applied deviator stress (Thompson and Robnett, 1979).  
𝑀𝑀𝑅𝑅 = 𝑀𝑀𝑅𝑅𝑅𝑅 − 𝑘𝑘1(𝜎𝜎𝐷𝐷 − 𝜎𝜎𝐷𝐷𝑅𝑅), 𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝜎𝜎𝐷𝐷 ≤ 𝜎𝜎𝐷𝐷𝑅𝑅 Equation 3.1 
𝑀𝑀𝑅𝑅 = 𝑀𝑀𝑅𝑅𝑅𝑅 − 𝑘𝑘2(𝜎𝜎𝐷𝐷 − 𝜎𝜎𝐷𝐷𝑅𝑅), 𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝜎𝜎𝐷𝐷 > 𝜎𝜎𝐷𝐷𝑅𝑅 Equation 3.2 
where 
MR= the resilient modulus; σD= deviator stress; MRi= breakpoint resilient modulus; σDi= Break 
point deviator stress; and k1 and k2 are model parameters obtained from laboratory tests. 
 CC5 DuPont clay subgrade strength properties were closely monitored during the 
construction phase to ensure the target CBR requirements were met. Figures 3.5 and 3.6 present 
for all the available CC5 test sections the subgrade CBR and density values achieved during the 
construction with the achieved moisture contents, respectively. As can be seen in Figure 3.5, not 
all the sections had in-situ CBR values measured for all the five lifts during the construction.  For 
example, for lift number 5, CBR values were measured only for sections LFC4-N and LFC4-S. 
Among the north sections, section LFC4-N had the lowest CBR value of 2.97 at a moisture content 
of 38.05% for lift number 5. For the same lift, the dry density achieved for section LFC4-N was 
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Figure 3.6: CC5 subgrade density values available for all lifts during the construction of the CC5 test sections 
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On the other hand, section LFC2-NE had the lowest dry density of 80.35 pcf attained in 
the field at a moisture content of 38.84% for lift number 4 (see Figure 3.6). CBR value for section 
LFC2-NE at lift 4 was 3.17 at a moisture content of 37.29%. Section LFC3-N had the highest CBR 
value of 3.8 at a moisture content of 36.74% for lift 4. And the highest field density value was 
attained for section LFC2-NE at around 83.61 pcf with a moisture content of 37%. Overall, the 
CBR values ranged from 2.97 to 3.98 and dry density varied between 80.35 to 83.61 pcf for all the 
north sections.  
Among the south side sections, section LFC2-SE exhibited the lowest CBR value of 2.83 
at a moisture content 38.58% for lift 4. Likewise, the lowest dry density value of 79.60 pcf at 
38.58% moisture content was recorded for the same section LFC2-SE for the same lift 4. On the 
other hand, section LFC1-SW had the highest CBR value of 3.87 with a moisture content 36.56% 
for lift 3. For lift 2, section LFC2-SE recorded the highest density value of 85.48 pcf at 36.16% 
moisture content. Overall, the CBR values measured during the field quality control program were 
close to the target CBR of around 3 and deemed satisfactory. Note that section LFC2-SE and 
LFC2-SW were constructed with a 26 in. thick subgrade while section LFC1-SW had a 30 in. thick 
subgrade. 
3.2.1.1 Post Traffic Characterization of Subgrade 
At the end of testing period in December 2011, subgrade strength was further evaluated by 
conducting a series Vane Shear Testing on selected locations in test sections LFC1-SW and LFC1-
NW only. Vane shear testing is a useful method to determine the undrained shear strength of soft 
cohesive soils. The basic principle of vane shear testing is computing the shear strength from the 
torque required to induce shear failure in the soil. Vane shear tests were performed at NAPTF in 




were taken at 4 different locations along the depth of the subgrade. These locations were at the 
top, 6 in. from the top, 12 in. from the top, 18 in. from the top, and 24 in. from the top of the 
subgrade layer. At each depth, three different stations and one offset location were chosen. 4 
stations named 23N, 15N, 8N, and 2N were selected for section LFC1-NW. On the other hand, 
section LFC1-SW had 2 stations that were 16S and 23S. Figure 3.7 shows all the station locations 
selected to measure the subgrade CBR values.  The average of the 3 station readings was taken to 
calculate the CBR value at that location using the relationship given in Equation 3.3 (Garg et al., 
2009).   
𝐶𝐶𝐶𝐶𝐶𝐶 = 0.0018𝑥𝑥(𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠ℎ 𝑖𝑖𝑒𝑒 𝑘𝑘𝑘𝑘𝑒𝑒)1.6926 Equation 3.3 
Figure 3.7: Plan views of the selected locations in LFC1-NW and LFC1-SW  
for CBR calculations 
In conjunction with vane shear tests, in-situ subgrade CBR values were calculated 
according to “ASTM D4429: Standard Test Method for CBR (California Bearing Ratio) of Soils 
in Place”. Subgrade CBR values calculated as per ASTM D4429 are referred to the field CBR tests 
in this study. Figure 3.8 shows the post traffic CBR values calculated from both vane shear tests 
and field CBR tests for section LFC1-SW. As can be seen, for section LFC1-SW, CBR values 
calculated from vane shear tests were in good agreement with the ones measured as per ASTM 
     
 




D4429 on top of the subgrade, except at a higher depth of 71 in. where the difference between the 
measured field CBR and vane shear test calculated CBR became large, especially at station 23S.  
 
  
Figure 3.8: CBR profiles with depth of the subgrade, section LFC1-SW 
 
Similarly, for section LFC1-NW, subgrade CBR values calculated from vane shear tests 
were in good agreement with the ones measured as per ASTM D4429. The only exception was 
station 8N at 65 in. where the difference between the measured field CBR and vane shear test 
calculated CBR became very large compared to the rest of the locations. Nonetheless, Figure 3.8 
and Figure 3.9 demonstrate that the relationship described in  Equation 3.3 can successfully be 
utilized to convert vane shear test results into comparable CBR values. Interestingly, section 
LFC1-NW and LFC1-SW were constructed at CBR values of 3.7 and 3.87, respectively. But at 
the end of trafficking, both sections LFC1-NW and LFC1-SW exhibited CBR values higher than 
5 at every depth and location. Please note that trafficking of sections LFC1-NW and LFC1-SW 
was ended in 2009 and 2010, respectively. And, the vane shear and CBR measurements were taken 
between December 13, 2011 and January 5, 2012. Details about the CC5 test section trafficking is 
presented later in this chapter. 
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Figure 3.9: CBR profiles with depth of the subgrade, section LFC1-NW 
 
3.2.2 P154 subbase - crushed quarry screening and dense graded aggregate (DGA) 
Above the subgrade layer, CC5 test sections were built with two different types of subbase 
materials. One of them was a crushed quarry screening mix. AASHTO soil classification system 
designates the minimum quality gradation of the crushed quarry screening material as an A-1-b 
material and USCS classifies it as a well-graded sand with silt (SW-SM) (Donovan, 2009). Also, 
according to FAA, the subbase material must exhibit a CBR value of at least 20 when tested in 
accordance with ASTM D1883: Standard Test Method for California Bearing Ratio (CBR) of 
Laboratory-Compacted Soils. For CC5 test sections, crushed quarry screening exhibited a 
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maximum dry density of 129.6 pcf  with an optimum moisture content of 6.0% measured following 
the standard ASTM D 1557-02: Standard Test Methods for Laboratory Compaction Characteristics 
of Soil Using Modified Effort. The specific gravity was calculated to be 2.74.  Besides crushed 
quarry screening material, a dense graded aggregate (DGA) meeting the New Jersey Department 
of Transportation (NJDOT) specifications was also used on the north side of LFC3 and LFC4.  The 
coarse aggregates used in the DGA mix were much larger than those of the crushed quarry 
screenings mix. Figure 3.10 and Figure 3.11 present the subbase aggregate gradation curves for 
the crushed quarry screening and DGA subbase materials, respectively. Please note that Figure 
3.10 also shows the P154 subbase gradation band requirement by FAA (AC 150-5370-10H).  
 




























Figure 3.11: CC5 dense graded aggregate (DGA) gradation 
Crushed quarry screening subbase layers were constructed in four lifts of 4 to 10 in. 
thickness with the thicker lifts placed at greater depths and with 91% to 98% compaction levels 
achieved at moisture contents of 2.5% to 5.0%. Lower compaction levels and moisture contents 
were obtained from the deeper lifts.  On the other hand, the DGA subbase was constructed with 
achieved compaction levels between 91% to 93% at moisture contents of 1.5% to 2.0% and it was 
placed in four lifts of 8 to 12 in. thickness with the thicker lifts placed at greater depths. After the 
surface elevation adjustment, sections LFC1 and LFC4 received 34 in. and LFC2 and LFC3 
received 38 in. of subbase materials (see Figure 3.3). Field density values were measured using 
sand cone testing method in all 4 lifts of the subbase layer during construction. Sand cone test is a 
method used to determine the density and water content of compacted soils placed during the 
construction (ASTM D1556). Figure 3.12 presents the subbase density values measured in the 






















sections LFC1-NW, LFC2-NE, and LFC4-N were not available. As can be seen in Figure 3.12, 
the field density values of all lifts measured during the construction were in general close to the 
target maximum dry densities.  Also note that all the sections shown in Figure 3.12 were built with 
crushed quarry screening material except for section LFC3-N, which was constructed with DGA. 
Also, as can be seen, DGA section LFC3-N had a higher density value than the rest of the test 
sections built with the crushed quarry screening subbase. Additionally, Table 3.2 summarizes the 
CBR test results calculated from Dynamic Cone Penetrometer (DCP) tests (ASTM D6951) 
conducted on the crushed quarry screening material for the available CC5 test sections.  
Table 3.2: CBR test results on crushed quarry screening material for available sections 
Sections 
Offset from 
west side of the 
sections (ft) 
Offset from the 
test sections 
centerline (ft) 








LFC1-NE 61.5 15 13-47 43 3.25 
LFC1-NW 18.0 15 13-37 71 2.98 
LFC1-SE 61.5 2 13-47 58 3.3 
LFC1-SW 18.0 16 13-37 74 3.3 
 
The resilient modulus of the crushed quarry screening was determined in the laboratory by 
conducting repeated load triaxial tests according to the method outlined in AASHTO T 307 (Type 
1 soils). For each sequence, 100 repetitions of cyclic stress using a haversine load pulse of 0.1 
seconds with 0.9 seconds rest period were applied to the sample. Figure 3.13 shows the resilient 
modulus as a function of bulk stress (θ - first invariant of stress tensor). Additionally, quick shear 
tests were conducted on the crushed quarry screening samples. Test samples were sheared at a 
confining pressure of 5 psi and the strain rate was set at 1 percent/minute. As shown in Figure 
3.14, crushed quarry screening material demonstrated a peak value of 54 psi but continued to resist 






Figure 3.12: Field observed dry densities of subbase materials from sand cone testing and obtained moisture contents during 
construction of NAPTF CC5 test sections 
  
  
Lift 1, 24 in. below the top 
of the subbase 
Lift 2, 16 in. below the top 
of the subbase 
Lift 3, 8 in. below the top of 
































































Figure 3.13: Resilient modulus test results for the crushed quarry screening subbase 
material 
Figure 3.14: Quick shear test results for the crushed quarry screening subbase material at 













































𝑀𝑀𝑅𝑅 = 3091.8𝜃𝜃0.61 




3.2.3 P209 unbound aggregate base 
FAA requires that the aggregate base material should consist of both fine and coarse 
aggregate with fragments of stone or gravel, crushed stone, or crushed gravel mixed or blended 
with sand, screenings, or other materials. The lowest quality P209 base meeting the FAA 
specification would be an A-1-a material according to the American Association of State Highway 
and Transportation Officials (AASHTO) soil classification procedure. While the USCS would 
classify it as a poorly graded gravel with silt (GP-GM).  Figure 3.15 shows the gradation curve for 
the P209 aggregate base material used in CC5 test sections. Additionally, Table 3.3 and 3.4 list the 
aggregate base gradation and material property requirements according to FAA 150-5370/10H, 
respectively. For CC5 test sections, on top of the subbase layer, all the sections received an 8 in. 
thick of P209 crushed stone base with an achieved compaction level of 97% at an average moisture 
content of 1.9%.   






















Table 3.3: Aggregate base gradation requirements (FAA 150-5370/10H) 
Sieve designation Percentage by weight passing  
2 in. maximum 1-1/2 in. maximum 1 in. maximum 
2 in. (50 mm) 100 -- -- 
1-1/2 in. (37.5 mm) 70-100 100 -- 
1 in. (25.0 mm) 55-85 70-100 100 
3/4 in. (19.0 mm) 50-80 55-85 70-100 
No. 4 (4.75 mm) 30-60 30-60 35-65 
No. 40 (425 µm)1 10-30 10-30 10-25 
No. 200 (75 µm)1  5-15 5-15 5-15 
1The fraction of material passing the No. 200 (75 µm) sieve shall not exceed two-thirds the fraction passing the No. 40 (425 µm) sieve. 
 
Table 3.4: Aggregate base material requirements (FAA 150-5370/10H) 
Material test Requirement Standard 
Coarse Aggregate  
Resistance to Degradation  Loss: 45% maximum  ASTM C131 
Soundness of Aggregates  
by Use of Sodium Sulfate or 
Magnesium Sulfate 
Loss after 5 cycles: 
12% maximum using Sodium sulfate - or -  
18% maximum using magnesium sulfate  
ASTM C88 
Percentage of Fractured 
Particles 
Minimum 90% by weight of particles with at least two 
fractured faces and 100% with at least one fractured face1 
ASTM D5821 
Flat Particles, Elongated 
Particles, or Flat and Elongated 
Particles 
10% maximum, by weight, of flat, elongated, or flat and 
elongated particles 2 
ASTM D4791 
Fine Aggregate  
Liquid limit Less than or equal to 25 ASTM D4318 
Plasticity Index Not more than five (5) ASTM D4318 
1 The area of each face shall be equal to at least 75% of the smallest mid-sectional area of the piece. When two fractured faces are contiguous, 
the angle between the planes of fractures shall be at least 30 degrees to count as two fractured faces. 
2 A flat particle is one having a ratio of width to thickness greater than five (5); an elongated particle is one having a ratio of length to width 
greater than five (5). 
 
The base was placed and compacted in two 4-in. lifts. Please note that to minimize the 
strength reduction of the subgrade during the life of the pavement due to moisture ingress into the 
subgrade, less than optimum moisture contents and compaction levels were targeted and achieved 
in the base and subbase lifts. Field density values were measured using sand cone testing method 




measured for the P209 crushed stone base material in certain selected locations. Note that these 
values were measured in transition zones rather than a test section itself. As can be seen in Figure 
3.16, the field density values measured during the construction of all lifts were very close to the 
target maximum dry density, 149.6 pcf. Also, density and moisture content measurements of the 
compacted base layer were obtained using the nuclear density gauge (NDG) tests (ASTM D2922-
05 and ASTM D3017-05).  Table 3.5 presents the in-situ density and moisture content values of 
the P209 aggregate base layer as measured by the NDG tests. Additionally, Table 3.6 summarizes 
the CBR test results calculated from Dynamic Cone Penetrometer (DCP) tests (ASTM D6951) 
conducted on the P209 crushed stone base material for the available CC5 test sections.  
 
Figure 3.16: Field observed dry densities of P209 crushed stone base material 
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Table 3.5: In-situ density and moisture content values of P209 crushed stone base material  
measured by nuclear density gauge (NDG) for available sections 
Sections 
Offset from 















61.5 25 5 133.0 1.6 
61.5 23 5 123.1 1.6 
64.5 23.5 5 131.2 1.2 
62.5 21.2 5 132.8 1.2 
62 13.8 5 130.8 1.7 
62.5 9.8 5 137.3 1.4 
LFC1-NW 
17.0 23 5 140.9 1.3 
17.0 15 5 153.4 1.1 
17.0 8 5 146.9 0.6 
17.0 2 5 144.3 0.9 
LFC1-SE 
54 21 5 135.1 1.2 
62 8.3 5 132.8 2 
63.7 23.3 5 122.9 2.2 
64 16 5 135 1.4 
64.5 2 5 131 2.3 
LFC1-SW 
30.7 21.5 5 132.6 1.7 
18 16 5 134.3 1.5 
29 20.8 5 140.0 1.4 
 
 
Table 3.6: CBR test results on P209 crushed stone base material for available sections 
Sections 
Offset from west 
side of the 
sections (ft) 
Offset from the 
test sections 
centerline (ft) 
Range of depths 







62 23.5 5-13 36 1.2 
62 20 5-12.4 104  --** 
LFC1-NW 
18 8 5-11.1 72 0.9 
18 23 5-11.1 30 1.0 
LFC1-SE 
54 21 5-11.9 77 1.1 
62 8.3 5-12.1 26 1.2 
63.7 23.3 5-12 23 1.5 
64 16 5-10 217 1.4 
64.5 2 5-11.7 42 1.1 
LFC1-SW 
18 23 5-11 54 1.0 
18 16 5-8.9 269 0.8 
29 20.8 5-11.9 104 1.1 




Figure 3.17 presents the results of the resilient modulus testing on the CC5 P209 aggregate 
base material and Table 3.7 summarizes the test conditions. The dry density of the test specimen 
was calculated to be 141.6 pcf at a moisture content of 2.1%. This crushed stone material 
displaying a stress-hardening behavior under repeated loading is clearly visible in Figure 3.17 
where the resilient modulus values increase with increasing bulk stress (θ).  











1 3 2.77 1.11E-04 24996.56 
2 3 5.53 2.00E-04 27677.06 
3 3 8.22 2.67E-04 30824.74 
4 5 4.59 1.29E-04 35552.81 
5 5 9.09 2.22E-04 40875.85 
6 5 13.65 2.97E-04 46016.76 
7 10 9.08 1.42E-04 63986.94 
8 10 18.28 2.54E-04 71932.84 
9 10 27.42 3.53E-04 77628.59 
10 15 9.15 1.13E-04 80870.97 
11 15 13.58 1.66E-04 81955.73 
12 15 27.49 2.91E-04 94421.15 
13 20 13.52 1.36E-04 99547.70 
14 20 18.28 1.77E-04 103189.78 






Figure 3.17: Resilient modulus graphed with bulk stress (P209 base) 
 
3.2.4 Surface asphalt concrete layer- P401  
The pavement was completed after paving a 5-in. P401 asphalt concrete material, as 
designated in AC 150/5370-10H, that was placed and compacted in two approximately equal 
thickness lifts with a water-based tack coat placed between the lifts.  Each lift had five paving 
lanes with the joints of each lift were formed as wedge joints and were staggered by at least 1.5 ft 
between the upper and lower lifts.  A final surface survey indicated that the actual asphalt pavement 
layer thickness was of an average of 4.66 in. NAPTF CC5 test sections construction was completed 
on June 30, 2008. Since the focus of this study is on unbound granular aggregates, details about 
the P401 asphalt are only discussed where necessary for analysis. 
 
The CC5 test sections were instrumented with various sensors such as pressure cells, 
asphalt strain gauges, Multi-depth Deflectometer (MDD) etc. to capture pavement response values. 
This study focuses on the MDD sensors which measure the deflection response and permanent 
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Bulk Stress (psi) [θ=σ1+2σ3]
𝑀𝑀𝑅𝑅 = 3633.9𝜃𝜃0.77 




deformation behavior of the individual layers in the pavement system. An MDD consists of a set 
of displacement transducers (DT) to measure the movement of a stack of a set of snap ring anchors 
embedded in the pavement layers at predetermined locations. Figure 3.18 provides an example of 





Figure 3.18: MDD sensor instrumentation layout, LFC3 and LFC4 sections 
The surface DT measures the displacement relative to an anchor embedded at a deep 
location where no significant displacement should occur, and the other DTs basically measure the 
movement of the snap ring anchors relative to the surface DT. Therefore, only the surface sensor 
LFC3-N (A-A view) LFC4-S (B-B view) 




readings are absolute movements of the pavements, the actual movements of the other DTs need 
to be calculated by using the movement of the surface DT. The facility was also equipped with a 
computer-controlled data acquisition system to store the pavement response and performance data 
collected using MDD sensors as the test vehicle with various landing gears traveled along the 
section at a travel speed of 2.5 mph.  
 
As previously mentioned, CC5 database included individual pavement responses collected 
using installed sensors, such as MDDs due to the applications of four types of landing gears. These 
gears were wide spaced 10-wheel (the axles were 12 ft. apart), narrow spaced 10-wheel (the axles 
were 9 ft. apart), 6-wheel, and 10-wheel landing gears (see Figure 3.19, Figure 3.20, and Figure 
3.21). The dual wheel spacing used in the landing gear was 54 in.  To account for individual aircraft 
wander, the traffic loading was applied in a simulated wander pattern (see Figure 3.22) that 
consisted of 66 passes, 33 travelling west and 33 travelling east, arranged in nine equally spaced 
wander positions (or tracks) at intervals of 10.25 in. Each travel lane was trafficked by a different 
number of times based on a normal distribution with a 30.5 in. standard deviation, typical for 
airport taxiways (Donovan, 2009).  Each pass commenced traveling from West to East and then 
went back along the same path East to West. Once a pass was completed, the gear was shifted to 


























































 Figure 3.22 shows the complete wander pattern that was applied during CC5 testing along 
with the wander position trafficking order and the wander sequence, which was based on a block 
of trafficking to replicate the normal distribution. Note that only wander sequences one and two 
have 18 passes of traffic at all the 9 wander positions. Figure 3.24 provides the detailed locations 
of all the wheel locations and percentages of traffic distribution on CC5 test sections.  Figure 3.24 
also shows the locations of wander centerline and MDD line along with the relative locations of 
the applied traffic for 6-wheel and 10-wheel test sections.  
 
Figure 3.22: Applied wander pattern 
The sections were trafficked over a period of 4 years from 2008 to 2012. The tests first 
began on the north sections in August 2008. Section LFC1-NE and LFC2-NW were loaded with 
the narrow spaced 10-wheel gears while sections LFC1-NW, LFC2-NW, LFC3-N and LFC4-N 
were all loaded with 6-wheel landing gears. For sections LFC1-N and LFC2-N, wheel loads were 








Figure 3.23: Wheel position and percentage of traffic distribution on  


















































































































Figure 3.24: Gear locations of sample sections loaded with (a) 10-wheel gear on north and 
6-wheel gear on south and (b) with 6-wheel gears on both sides 
(a) 
(b) 
6-wheel gear 6-wheel gear 





Loading for LFC1-N and LFC2-N sections was increased to 58 kips after 7,920 passes. 
Trafficking for these sections was concluded after 12,936 passes were applied in 2008, and then 
trafficking again resumed in the following September of 2009. The loads for all the north sections 
were increased to 65 kips at approximately 13,530 passes. After 18,612 passes were completed, 
the wheel loads were increased to 70 kips for all the north sections. Details of the trafficking with 
applied load levels for all the sections on the North side are given in Table 3.8. 
Table 3.8: Summary of trafficking on north sections in 2008 and 2009 
 
Date Cumulative Traffic 
 

























 LFC-4N  
(6-wheel) 
 
8/14/08 10/3/08 0 7920 50 50 50 50 59 59 




































09/08/09 09/23/09 13530 18612 65 65 65 65 65 65 
09/24/09 10/06/09 18612 22572 70 70 70 70 70 70 
*10-wheel configuration was used on the section by mistake which was corrected after 871 passes were made. 
On the other hand, the south sections, LFC1-SE, LFC2-SE were loaded with six-wheel 
gear and LFC3-S and LFC4-S were trafficked with Antonov aircraft gear configuration of ten 
wheels. The trafficking on the south side started with sections LFC1-S in July 2010 with a 70-kips 
wheel loading. LFC1-SW and LFC1-SE were trafficked until 10,560 and 12,936 passes were 
completed, respectively, marking the end of trafficking for sections LFC1-S in August 2010. 




Antonov gear configuration and wheel loads were set at 60 kips. However, after 66 passes the 
wheel loads were increased to 65 kips and shortly after that they were again increased to 70 kips. 
Testing was paused in November 2010 after 12,804 passes were applied and it was resumed in 
August 2012 with wheel loads set at 60 kips. The load level was ultimately increased again to 70 
kips and LFC3-S and LFC4-S were trafficked up to a total of 19,890 passes till October 2012 when 
the testing ended.  Details of the trafficking with applied load levels for all the sections on the 
South side are given in Table 3.9.  
Table 3.9: Summary of trafficking on south sections in 2010 and 2012 
 
Date Cumulative Traffic 
 

































07/08/10 08/09/10 0 10560 70 70   0 0 
08/09/10 08/11/10 10560 12936  70   0 0 
09/15/10 09/15/10 0 66     60 60 
09/16/10 09/15/10 66 132     65 65 
09/17/10 11/15/10 132 12804     70 70 
08/21/12 08/21/12 12804 12870     60 60 
08/22/12 10/18/12 12870 19890     70 70 
08/21/12 08/21/12 0 66   60 60   
08/21/12 08/21/12 66 132   65 65   






National Airport Pavement Test Facility (NAPTF) was constructed in 1999 to generate 
full-scale airport pavement response values under realistic traffic conditions to support the 
investigation of airport pavement performance subjected to complex gear configurations of new 
generation aircraft loading applied with wheel wander. To this end, details about the full-scale 
accelerated pavement testing of construction cycle 5 (CC5) test sections were introduced in this 
chapter. CC5 flexible pavement test sections were constructed with hot mix asphalt surface (P401), 
crushed stone unbound aggregate base (P209), two subbase (P154) materials used as crushed 
quarry screening and Dense Graded Aggregate (DGA) conforming to the FAA specifications. All 
the test sections built in CC5 test series were on a low strength DuPont clay subgrade soil with an 
average CBR value of 3.3. CC5 test sections were instrumented with various sensors to capture all 
the critical responses necessary to investigate the pavement damage mechanisms under realistic 
heavy air traffic loading applied with wander. The most important sensor data collected for this 
doctoral study is the Multi- Depth Deflectometer (MDD) data, which capture the individual layer 
deflection response behavior in a pavement system. The next chapters in this dissertation will 
discuss and analyze NAPTF CC5 MDD database to identify certain failure mechanisms in CC5 




This study focuses on investigating the deterioration behavior of pavement granular base 
and subbase layers under heavy aircraft loading applied with wander. This was achieved through 
analyzing individual pavement structural responses collected using installed sensors, such as 
Multi-Depth Deflectometer (MDDs) due to each traffic pass of the NAPTF test vehicle. This 
chapter will introduce the NAPTF full scale pavement test section findings from the analyses of 
multi-depth deflectometer (MDD) data as well as discuss the deformation trends observed in the 
unbound aggregate layers due to applied aircraft gear loading with wander.  
 
As previously mentioned, NAPTF CC5 database included individual pavement responses 
collected using installed sensors, such as MDDs due to the applications of four types of landing 
gears. An MDD consists of a set of displacement transducers (DT) to measure the movement of a 
stack of a set of snap ring anchors embedded in the pavement layers at predetermined locations. 
The surface DT measures the displacement relative to an anchor embedded at a deep location 
where no significant displacement should occur, and the other DTs basically measure the 
movement of the snap ring anchors relative to the surface DT. Therefore, only the surface sensor 
readings are absolute movements of the pavements, the actual movements of the other DTs need 
to be calculated by using the movement of the surface DT. Figure 4.1 presents a schematic of a 




Figure 4.1: Schematic of a field installed Multi-depth deflectometer (MDD) (CTL, 1998) 
Though CC5 database included 12 sections in total but due to data availability, only four 
sections of varying layer configurations built with two different subbase materials from the CC5 
test database were selected in this research for the dynamic response analyses. These sections are 
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respective MDD locations are shown in Figure 4.3 through Figure 4.6. The sections were trafficked 
over a period of 4 years from 2008 to 2012.  
 




The tests first began on the north sections in August 2008. Section LFC1-NE was loaded 
with the narrow spaced 10-wheel gears while section LFC3-N was loaded with 6-wheel landing 
gears. On the other hand, the south sections, LFC1-SE and LFC4-S were trafficked with six-wheel 
gear (6-wheel) and ten -wheel gear (10-wheel), respectively.  The details about the trafficking with 
applied load levels are presented in Chapter 3. 
Wander Zone














































Figure 4.5: Gear configuration and MDD location, LFC3-N section, 6-wheel 
 
Wander Zone











Figure 4.6: Gear configuration and MDD location, LFC4-S section, 10-wheel  
The data analyzed in this study were provided directly by the FAA; and can also be 
accessed online at NAPTF website. The MDD database had around 12,000 passes of the test 
vehicle recorded for each section. Each pass consisted of around 300 sensor data points recorded 
as a “deflection time history” for each sensor and there were 6 sensors per MDD stack. In total, 
each section had around 21.6 million records. The database had this information divided into 
individual sensor readings with 300 sensor records stored as comma separated values (CSV). The 
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key parameters recorded by the data acquisition system for pass 3 to 16 for sensor no 5093 are 
listed in Table 4.1. Please note an “event” is considered a Pass in the database and “Offset Left” 
value is the initial displacement transducer reading much before the start of the event given in 
inches.  




No Offset Left (in.) Sensor Records (Deflection Time History) 
5093 3 -0.84270000 0.0246,0.0257,0.0252,0.0323,0.0245,… 
5093 4 -0.867799997 0.0072,0.0078,0.0065,0.0030,0.0031,.…… 
5093 5 -0.876699984 -0.0401,-0.0388,-0.0390,-0.0422, ….. 
5093 6 -0.837100029 -0.0023,-0.0055,-0.0107,-0.0035,-0.0048….. 
5093 7 -0.835300028 0.0394,0.0431,0.0428,0.0428,0.0446,…..  
5093 8 -0.877499998 0.0032,-0.0011,0.0021,0.0035,0.0043,,….. 
5093 9 -0.880299985 -0.0262,-0.0265,-0.0260,-0.0202,-0.0234,….. 
5093 10 -0.855199993  -0.0055,-0.0060,-0.0034,-0.0092,-0.0010,,….. 
5093 12 -0.850700021 0.0367,0.0372,0.0372,0.0370,0.0366,0.0372,….. 
5093 13 -0.893100023 -0.0356,-0.0317,-0.0361,-0.0357,-0.0359,….. 
5093 14 -0.85680002 -0.0079,-0.0120,-0.0106,-0.0122, ,….. 
5093 15 -0.848200023 -0.0165,-0.0160,-0.0163,-0.0152 ,….. 
5093 16 -0.834500015 -0.0078,-0.0056,-0.0053,-0.0048, ….. 
 
Before processing the MDD data, an attempt was made to verify if the anchor depth 
selected (77 in. or 82 in. depending on the section) in this full-scale accelerated pavement study 
was adequate and at a location where no deflection would occur. WinJULEA, a commonly used 
multi-layered linear elastic analysis software also implemented in the Mechanistic Empirical 
Pavement Design Guide for pavements, was used to predict vertical deformations at the anchor 
depth in the pavement sections due to applied traffic (ARA, 2004).  To conduct the analyses, 
sections LFC1-NE and LFC2-NE with two different anchor depths were selected. The first step in 
the analyses included selection of the material properties. For the asphalt concrete surface layer, 
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the dynamic modulus of the asphalt concrete mix was converted into elastic modulus values. 
Dynamic modulus (E*) is a fundamental property that is used to characterize the stiffness of hot 
mix asphalt (HMA) materials. It is defined as a function of loading rate and temperature and is 
developed under continuous sinusoidal loading conditions. At any given time t and the angular 
load frequency ω, the dynamic modulus is expressed as the ratio of the amplitude of the sinusoidal 
stress, σ = σοsin(ωt), and the amplitude of the sinusoidal strain, ε = εosin(ωt-ø) (Witczak and Bari, 
2004). To convert the dynamic modulus into elastic modulus, a divisional conversion factor of 
1.07 was selected in this study as recommended by Loulizi et al. (2006). Please note that at the 
same loading frequency and stress level, the measured resilient modulus is expected to be lower 
than the dynamic modulus. This is attributed to the presence of the rest period which results in 
somewhat larger recovered strain in the resilient modulus test than the strain amplitude in dynamic 
modulus test. The resilient modulus of P209 base and crushed quarry screening, and the subgrade 
materials were converted from their respective CBR values using Equation 4.1 and Equation 4.2, 
respectively. Note that for convenience of the analysis, the average CBR value for each layer was 
chosen. Table 4.2 summarizes all the material properties used in the WinJULEA analyses.   
𝑀𝑀𝑅𝑅(𝑝𝑝𝑝𝑝𝑝𝑝) = 2555𝑥𝑥𝐶𝐶𝐶𝐶𝐶𝐶0.64           Equation 4.1 (NCHRP 1-37A, 2004) 
                     𝑀𝑀𝑅𝑅(𝑝𝑝𝑝𝑝𝑝𝑝) = 1500𝑥𝑥𝐶𝐶𝐶𝐶𝐶𝐶 Equation 4.2 (Heukelom and Klomp, 1962) 
Table 4.2: Pavement layer properties 









Mix 5 E*= 425,000 psi 398,130  0.30 
P209 Base 8 CBR= 88  44,860  0.35 
Crushed Quarry 
Screening 34 or 38 CBR= 61.5 35,667 0.35 
Subgrade 30 or 26 CBR= 5 7,500 0.40 
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Once the material properties were selected, WinJULEA was used to analyze the selected 
pavement sections. The wheel loading was fixed at 50,000 lbs. with a tire pressure of 243 psi 
corresponding to a contact area calculated as 206 in2. Analysis results from WinJULEA showed 
that for section LFC2-NE, the vertical deformation values at 82 in. was around 0.027 in. and 
section LFC1-NE had around 0.029 in. of deformation at 77 in. (see Table 4.3). Since the deflection 
values were not zero at the MDD anchor depth, it could be concluded that both 77 in. and 82 in. 
anchor depths may not have been in the absolute zero deflection zone, which is expected given 
such a limited depth of the test pavement section.  





Several researchers have considered the nonlinear stress-dependent behavior of pavement 
unbound materials to accurately predict pavement responses using a three-dimensional (3D) finite 
element model (FEM) (Sukumaran et al., 2004; Saad et al., 2005; Kim and Tutumluer, 2008; Kim 
et al., 2009). Minkwan Kim (2007) in his PhD study implemented nonlinear stress-dependent 
modulus models in a User Material Subroutine (UMAT) in the general-purpose finite element 
program ABAQUSTM to determine pavement responses. The developed UMAT subroutine 
performance was later validated with NAPTF’s Construction Cycle 1 (CC1) instrumented full-
scale pavement test section study results. One of the challenges in finite element modeling was the 
requirement of a proper selection of domain size to achieve accurate pavement response because 
in multi-layered elastic theory, the semi-infinite half-space assumes that the pavement structure 
extends to infinity in both the horizontal and vertical directions. Based on an extensive finite 
Sections Anchor depth 
(in.) 
Deflections at anchor 
depth (in.) 
Section LFC1-NE 77  0.029 
Section LFC2-NE 82 0.027 
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element domain study with the objective to match vertical deflections from closed form solutions, 
Kim (2007) recommended to fix the bottom mesh boundary at a vertical depth of 140-times the 
radius of loading area and fix the vertical roller boundary at a horizontal distance of 20-times the 
radius of loading area from the center to obtain reasonably accurate critical pavement responses 
from finite element analyses. Considering this recommendation, Table 4.4 summarizes the 
predicted vertical deflections calculated with WinJULEA at a depth of 1,134 in. which is equal to 
140-times the radius of the loading area. At this depth of 140-times the load radius, much greater 
than the anchor depth, the vertical deflections were expectedly very low. Also, the differences 
between the two sections constructed with different subbase thicknesses (section LFC1-NE was 
built with a 34 in. subbase and section LFC2-NE with a 38 in. subbase) were also found to be 
negligible.  
Table 4.4: Predicted vertical deflections at the centerline of loading (WinJULEA) 
 
 
4.2.1 Multi-depth deflectometer (MDD) data processing  
The first step in the MDD data analyses involved converting the CSV MDD sensor records 
into individual sensor permanent or inelastic deformation values, also referred to as residual 
deformations. A residual deformation value was calculated as the difference between the final and 
the initial response of the sensor.  To process the large MDD database (21.6 million records per 
test section), a program was written in Python that could do the following tasks: 
1. Read the complete MDD database; 
2. Select the sensors by number; 




Section LFC2-NE 0.0027990 
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3. Extract the selected sensor data and parse the corresponding CSV values; 
4. Check whether the sensor peak values are aligned with the anchor peak values or not 
because all sensor peaks must happen at the same time, otherwise do a time shifting so 
that the sensor peak values align with that of the anchor; 
5. Check whether all the sensors showed zero (0) deflection before the pass began or not, 
if not, normalize all readings by aligning all sensor values before the pass began to zero 
(0) deflection. The data normalization was achieved by subtracting the average of first 
1.5 seconds of data from all the values (Donovan, 2009); 
6. Calculate the individual sensor readings by subtracting the corresponding anchor 
movements from the sensors because all readings but the surface readings were relative 
to the surface readings; 
7. Convert the individual sensor records into individual layer movements by subtracting 
the lower sensor reading from the upper sensor reading. 
Please note that the tasks mentioned above to process MDD sensor records into individual 
sensor deformation values have been well documented and successfully applied to NAPTF CC1 
and CC3 test series by Donovan (2009). Figure 4.7 shows typical MDD sensor values obtained at 
various depths of the pavement section due to a single traffic pass of a 6-wheel gear for section 
LFC3-N. Once all the MDD sensor values were calculated, the individual layer deformation 
response values could also be calculated by subtracting the bottom sensor values from the top 
sensor values. And Figure 4.8 shows the individual subbase layer deformation values calculated 
using the sensors installed at the bottom and the top of the subbase layer. Once the sensor data 
were separated into individual sensor deformation values, the next step in the analyses included 
cleaning the processed sensor deformation values. Careful attention in this step was given to ensure 
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that all the sensors were showing reasonable displacement values i.e. the top layers were deforming 
more than the bottom layers. However, after the cleaning and sorting, section LFC3-N was left 
with only around 6,000 and sections LFC1-SE and LFC4-S were left with only around 3,500 passes 
each. 
 
Figure 4.7: MDD sensor values, LFC3-N section, 6-wheel, wander= -2, pass=21,  
west to east 
 
Figure 4.8: DGA subbase layer displacement values, LFC3-N section, 6-wheel, wander= -2, 
pass=21, west to east  
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Once the individual layer deformation values or the deflection time history were 
determined from the collected MDD sensor data, the next step in the data processing was to convert 
the individual layer deflection time history into Residual and Rebound deformation response. 
Rebound (elastic) or recovered response is the fully recoverable response of the pavement layers 
while the unrecovered response is considered the permanent or Residual (inelastic) deformation. 
The details on the calculations of the MDD residual and rebound response values are presented in 
the next section. Please note that since the key focus of this dissertation is identifying deformation 
trends in unbound granular layers, the discussion presented next will concentrate primarily on the 
base/subbase layers, when applicable. 
4.2.2 MDD residual response values 
The next in the MDD data analyses was to process the individual sensor displacement 
records into MDD residual deformation values. Residual deformation values were measured by 
subtracting the average displacement reading of the first 1.5 seconds of data from the average 
displacement reading of the last 1.5 seconds of data (Donovan, 2009). Figure 4.9 presents an 
example of how the residual deformation values were calculated. Please note that depending on 
the location of gear, the residual response could be “downward” or negative (contractive) or 
“upward” or positive (dilative).  
An example of the processed MDD sensor residual response values for HMA and P209 
layers are presented in Figure 4.10 for section LFC3-N.  As can be seen from this figure, the MDD 
residual response values when analyzed as one dataset for all the wander location and traffic 
direction do not demonstrate any specific pattern rather, they seem erratic and random. Therefore, 
the residual deformation values of the MDD sensors were further analyzed by separating them by 




Figure 4.9: Example of residual response calculation, LFC3-N section, 6-wheel, surface 
sensor, wander= -2, pass=21, west to east 
 
 
Figure 4.10: Residual response, LFC3-N section, 6-wheel, all wander positions, 
HMA and P209 layers 
 



























































4.2.2.1 Effect of travel direction, position, and sequence on MDD residuals 
All the residual response data as shown in Figure 4.10 were grouped into separate databases 
based on wander position (track -4 to 4), travel direction (east to west or west to east), and wander 
sequence (sequence 1 to 5). As a result, clear and distinctive patterns emerged as shown in Figures 
4.11 through 4.12. Please note that these figures present the observations made for section LFC3-
N where each data point represents residual deformation values for a pass at a specific wander 
sequence and traffic direction. The residual deflection data of LFC3-N separated for wander 
position 0  by individual wander sequences and traffic direction are shown in the surface and P209 
base layers combined and the DGA subbase layer in Figure 4.11 and Figure 4.12, respectively.  
 
Figure 4.11: Residual response, LFC3-N section, 6-wheel, wander position =0  
 









































Figure 4.12: Residual response, LFC3-N section, 6-wheel, wander position =0  
The data separation led to an important observation that the first pass on each wander 
position in the west to east direction typically caused the most response and the return pass along 
the same wander position showed significantly less residual deflection. This finding clearly 
indicated the presence of shakedown in the unbound aggregate layers. Similar results for wander 
position -3 are presented in Figure 4.13 through Figure 4.14. These positions were selected because 
wander position 0 was the most heavily trafficked position while both wander position -3 had 
wheel loads applied near the MDD centerline. Also, Figures 4.11 to 4.14 clearly demonstrate the 
effects of wander position. For wander position 0, when the MDD sensors were in between wheels, 
the pavement layers showed positive or upward residual response values in the west to east 
direction. However, for wander position -3, residual response values were negative or downward 
in the west to east direction when one of the wheels were applied over a location close to MDD. 







































Figure 4.13: Residual response, LFC3-N section, 6-wheel, wander position =-3  
 
 
Figure 4.14: Residual response, LFC3-N section, 6-wheel, Wander Position =-3  
Similar trends were visible for the 10 wheel section LFC1-NE, where the wheel load was 
applied exactly on top of the MDD sensor stack (see Figures 4.15 and 4.16) and the residual 








































deformation values were mostly in upward direction for passes that went from west to east. An 
interesting observation to note from Figures 4.15 and 4.16 is that the residual deformation values 
after around 1500 passes started decreasing for HMA and Base layers while they started increasing 
for crushed quarry screening subbase layer. This observation clearly highlighted that the unbound 
aggregate subbase layers were going through the anti-shakedown as the residual deformation 
values were not decreasing with increasing traffic. Please note there was no MDD sensor at the 
interface of the surface and P209 base layers. Hence, the individual contribution of the surface and 
base layer could not be calculated. The residuals calculated for the remaining sections and wander 
locations are presented in Appendix A. 
 






























































Figure 4.16: Residual response, LFC1-NE section, 10-wheel,wander position =0  
The influence of wander position and wander sequence on the residual response values can 
also be further evaluated by combining the data into 66-pass wander pattern. The residual 
deformation data separated into 66-pass wander pattern are presented in Figures 4.17 and 4.18 for 
section LFC3-N as individual lines. As can be seen from these figures, traffic in the west to east 
direction on wander position -3 produced the maximum downward residual deformation, which 
coincided with the position where a wheel is applied near the MDD centerline. Wander position 2 
and -2 were the other wander positions to produce consistent downward residual deformations and 
are the second closest to the wheel load. All the other wander positions contributed to various 
amounts of rutting or heave. Wander position 0 was the offset that caused the most heave of the 




































Figure 4.17: Residual response over 66-pass wander pattern and wander sequence, LFC3-
N section, 6-wheel, HMA and P209 layers  
 
Figure 4.18: Residual response over 66-pass wander pattern and wander  
sequence, LFC3-N section, 6-Wheel, DGA subbase layer  
Similar information is presented in Figure 4.19 and Figure 4.20 for section LFC1-SE. For 
section LFC1-SE, both wander positions -2 and -3 produced the most downward residual 
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deformation, which coincided with positions where wheel was applied near the MDD centerline. 
Also, wander position 0 was again the offset causing the most heave of the pavement system and 
individual layers. The observed trends for section LFC1-SE are in agreement with section LFC3-
N that was also trafficked with 6-wheel gear. Additionally, residual deformation data separated 
into 66-pass wander pattern are presented for section LFC1-NE in Figure 4.21 and Figure 4.22. As 
expected, wander position 0 produced the maximum downward residual deformation because 
wander position 0 had a wheel load directly over the MDD centerline for section LFC1-NE. Also, 
as expected, the wander positions where the wheel loads were applied at an offset from the MDD 
sensors produced the upward deformations or heaving.  
 
Figure 4.19: Residual response over 66-pass wander pattern and wander sequence, LFC1-
SE section, 6-wheel, HMA and P209 layers 
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Figure 4.20: Residual response over 66-pass wander pattern and wander sequence, LFC1-
SE section, 6-wheel, subbase layer 
 
Figure 4.21: Residual response over 66-pass wander pattern and wander sequence, LFC1-
NE section, 10-wheel, HMA and P209 layers 
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Figure 4.22: Residual response over 66-pass wander pattern and wander sequence, LFC1-
NE section, 10-wheel, subbase layer  
Figure 4.17 to Figure 4.22 also show that depending on the location of the wander, the 
pavement sections can either go through rut accumulation or heave because the sequential wander 
pattern was causing constant particle shuffling in the granular layers and not letting shakedown to 
happen. But when the wander pattern was kept narrow, shakedown did happen, which explained 
the visible reduction in residuals for wander sequence 5. Also, less rutting and less heaving were 
observed where the traffic was just reversed in the same wander position during the return pass.  
4.2.2.2 Effect of rest period on MDD residuals 
As discussed earlier in Chapter 3, all the pavement sections were subjected to sequential 
traffic load applied with wander in two traffic directions, west to east and east to west. Once a pass 
in west to east was complete, the test vehicle traveled back in the same path from east to west 
direction. Then the test vehicle was moved to the next wander location to start the next loading 
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event. Table 4.5 presents a summary of the average loading time and rest period in selected CC5 
test sections. 






Average rest period 
(seconds) 
Between two consecutive 
loading events in 
different traffic 
directions 
Between two consecutive 
loading events in 
different wander 
locations 
LFC1-NE (10-wheel) 15.5 99 48 
LFC3-N (6-wheel) 17 33 111 
LFC1-SE (6-wheel) 18.1 28 54 
 
As can be seen in Table 4.5, for section LFC1-NE, it took around 15.5 seconds to complete 
one pass in each direction with an average rest period of 99 seconds between them. Once each set 
of passes was completed in both directions, it took about an average of 48 seconds to shift the gear 
to another wander location to start the next traffic event. Interestingly, for the other sections LFC1-
SE and LFC3-N, the average rest periods between two consecutive passes along the same travel 
path were significantly less than the ones between two consecutive passes between different 
wander locations. Figure 4.23 presents the residual deformation data separated into 66-pass wander 
pattern for east to west direction for sections LFC3-N, LFC1-NE, and LFC1-SE. As can be 
observed in Figure 4.23, the residual deformations of subbase layer in east to west traffic direction 
were significantly less than those of the ones in west to east direction. The rest period was supposed 
to allow the pavement system to bounce back to its original position, however, the significant 
reduction in residual in east to west direction shows that the duration was probably not enough for 
the pavement to fully bounce back. 
109 
 
4.2.3 MDD rebound response values 
As mentioned earlier, in addition to the residual deformation, the time history for each 
traffic event or pass could also be separated into Rebound deformation. Rebound deformation is 
the fully recoverable response also known as the recovered response. It is a critical pavement 
response that is often correlated to the amount of damage occurring in the subgrade soil under 
repetitive loads and is a good measure of the resilient or elastic behavior of subgrade soil and 
pavement materials (Ledbetter, 1977; Crockford et al., 1990; Bejarano and Thompson, 1999).  
However, unlike the residual response calculation, determining the rebound response was rather 
complex as the value of each pass varies significantly from pass to pass depending on the wander 
location and traffic direction. Subsequently, each different time history requires a slightly different 
method to calculate the rebound response. Figure 4.23 through Figure 4.25 show examples of how 
rebound values were calculated for different cases. Due to the sheer volume of the data points 
(traffic passes), a code was written in Python to ensure that the correct case was selected to 













Figure 4.23: Residual response over 66-pass wander pattern and wander sequence in west 
to east direction, a) section LFC3-N, b) section LFC1-SE,  and c) section LFC1-NE 
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As shown in Figure 4.24 through Figure 4.26, a positive rebound means that a contractive 
pulse has bounced back, the traditional rebound response from applying a load to a soil. On the 
other hand, a negative rebound means the element initially dilated before contracting some of it 
back to its original form. Please note that similar to residual response value calculation, the initial 
value of the sensor deflection time history was calculated as the average of the first 1.5 seconds of 
data and the final value was the average of the last 1.5 seconds. Once all the rebound response data 
were calculated for the available sections, they were further grouped into separate databases based 
on wander position (track -4 to 4), travel direction (east to west or west to east), and wander 
sequence (sequence 1 to 5). The following subsection will discuss the rebound response values 
calculated for the crushed quarry screening and DGA subbase layers in sections LFC3-N, LFC1-
NE, and LFC1-SE.  
 
Figure 4.24: Example of a contractive rebound calculation  
 
 
Positive Rebound=  






Figure 4.25: Example of a contractive rebound calculation  
 
 
Figure 4.26: Example of a dilative rebound calculation  
4.2.3.1 Rebound deformation in unbound granular subbase layer 
Figure 4.27 presents the rebound response calculated in the crushed quarry screening 
subbase layer of the 10-wheel section LFC1-NE for wander position 0. Please note the 
observations made for section LFC1-NE where each data point represents rebound deformation 
 
Positive Rebound =  
Initial - Min Response 
 
Negative Rebound = 




values for a pass at a specific wander sequence and traffic direction. Wander location 0 was 
selected because it was the only location where the wheel load was applied directly over MDD 
sensors and also, it was the most heavily trafficked location on the pavement. As can be seen in 
for wander 0, the subbase layer showed positive or contractive rebound response only. The resilient 
or rebound response of the subbase layer increased till 2,000 passes before showing decreasing 
trends for the next 500 passes and then increasing again till 3,500 passes. This behavior is in 
agreement with the residual response trends shown earlier in Figure 4.16 where the residual 
deformation values were contractive only. Furthermore, effects of traffic direction on rebound 
response values are visible to some extent because rebound response for the return pass in east to 
west direction were lower than the pass that was applied from west to east direction.   
 
Figure 4.27: Rebound deformation in crushed quarry screening, section LFC1-NE, 10-
wheel, wander = 0 
Similar results are shown in Figure 4.28 and Figure 4.29 for section LFC1-SE which was 
also constructed with crushed quarry screening but was trafficked with a 6-wheel landing gear. As 
shown in Figure 4.28, at wander location 0 where the MDD sensors were at the center of the 










































landing gears, subbase layer exhibited positive rebound response values. The rebound deformation 
also increased with traffic passes. This behavior is most likely a result of pavement layers heaving 
and continuous rearrangement of the particles due to the wheel loads being applied at an offset 
from the MDD location (see Figure 4.25 for rebound calculation). This finding supports the 
observations made earlier in Figure 4.16  where the residual deformations also increased probably 
as a result of anti-shakedown happening in the granular layers.  
An interesting thing to observe in Figure 4.28 is that when the wander width was kept 
narrow (sequence 5), the rebound response values were the highest both in west to east and east to 
west direction. Sequence 5 is also the sequence that included the final 6 passes of each 66-pass 
wander cycle. Similar to the residual response values, the rebound response values at this wander 
position also showed directional effects to some extent when separated by traffic direction and 
sequence number. Additionally, the effects of different wander locations were also somewhat 
evident in rebound deformation behavior of the subbase layers, especially for wander location 5 
(see Figure 4.28). The next wander location chosen in this subsection is wander location -3 that 
had a wheel load applied very close to the MDD sensor stack. Please note that the wheel load was 
never applied directly over the MDD sensor stack in the 6-wheel sections. As can be seen in Figure 
4.29, at wander position -3, the rebound values were primarily contractive in nature and increased 
with traffic. However, unlike wander location 0, the directional effect is not clearly evident where 




Figure 4.28: Rebound deformation in crushed quarry screening,  
section LFC1-SE, 6-wheel, wander = 0 
 
 
Figure 4.29: Rebound deformation in crushed quarry screening,  
section LFC1-SE, 6-wheel, wander = -3 
Rebound deformation values calculated for the DGA subbase layer in section LFC3-N is 
shown in Figure 4.30 and Figure 4.31 for wander position 0 and -3, respectively. Similar to the 
previous sections, these figures show that the DGA subbase layer also showed mostly positive 












































































rebound response. However, passes in east to west direction for sequence 5 and few passes for 
other sequences around 4,000 passes had negative rebound response values. Negative or dilative 
rebound response values mean that the layer dilated upward before bouncing back downward to 
gain some of the deformation back. As discussed earlier in this chapter, shakedown may happen 
in granular layers when the wander width is kept narrow. This could be the reason why the granular 
materials initially dilated before contracting some of it back to its original form exhibiting dilative 
rebound behavior in sequence 5. On the other hand, rebound deformation trends observed for 
wander position -3 where a wheel load was applied close to the MDD sensor stack showed that 
the effects of traffic direction were not quite apparent except for a few numbers of passes between 
pass 2,500 and 5,000 (see Figure 4.31). For the same wander position, DGA section LFC3-N 
showed lower contractive or positive rebound deformation (wander -3) than those observed in the 
crushed quarry screening subbase section LFC1-SE. 
 
Figure 4.30: Rebound deformation in DGA, section LFC3-N, 6-wheel, wander 0 
 












































Figure 4.31: Rebound deformation in DGA, section LFC3-N, 6-wheel, wander -3 
To further evaluate the influence of wander position and wander sequence on rebound 
behavior of the subbase layer, the rebound deformation data were separated into 66-pass wander 
pattern as presented as individual lines in Figure 4.32 and Figure 4.33 for section LFC1-NE and 
LFC3-N, respectively. As can be seen in Figure 4.32, wander position 0 produced the most upward 
or contractive rebound value in section LFC1-NE, which coincided with the position where wheel 
was applied over the MDD centerline. This finding is in line with the observations made from 
Figure 4.22 where wander position 0 had the most contractive residual deformation. The other 
locations such as wander position 2 that showed the maximum dilative residual deformation also 
showed the maximum downward rebound deformation. Likewise, for section LFC3-N, wander 
position -3 produced the maximum contractive rebound deformation which is the same location 
that demonstrated the highest contractive residual deformation as well (see Figure 4.33).  
 







































Figure 4.32: Rebound response over 66-pass wander pattern and wander sequence, LFC1-
NE section, 10-wheel, crushed quarry screening subbase 
 
 
Figure 4.33: Rebound response over 66-pass wander pattern and wander sequence, LFC3-
N section, 6-wheel, DGA subbase 
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4.3.1 Percent of residual response by layer 
According to the shakedown theory, unbound aggregate layers experience some stiffening 
with less permanent deformation accumulating in time due to traffic. One way to determine if the 
shakedown phenomenon is occurring in aggregate layers is to calculate the percent of the residual 
response in an individual layer to account for the total and individual layer residual response values 
(see Equation 4.3). If shakedown does occur in an unbound aggregate layer during full scale 
testing, the percent of residual response is expected to decrease in that subbase layer.   
% 𝑜𝑜𝑜𝑜 𝐶𝐶𝑅𝑅𝑝𝑝𝑝𝑝𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝑅𝑅𝑝𝑝𝑝𝑝𝑜𝑜𝑅𝑅𝑝𝑝𝑅𝑅 =  





As observed in Figure 4.34, the percentage of the residual response in each layer of the 
pavement system of LFC3-N is shown. Note that percent residual responses did not change 
appreciably with increasing number of passes. The percent of the residual response remained 
relatively constant for each layer as the testing progressed, i.e., 56% for surface and P209, 41% 
for DGA, and 3% for the subgrade which is contradictory to the shakedown theory where the 
unbound aggregate layers should consolidate and hence decrease their contribution to permanent 
deformation. The initial 1,000 passes showed an increase in the percent of residual response for 
the DGA subbase layers. Interestingly, this increase in the DGA layers was counteracted by a 
decrease in the percent of residual response by the surface and P209 layers for the same 1,000 
passes. This can be attributed to range B behavior where the constant particle rearrangement slowly 
deteriorated the DGA layer while at the same time the surface and P209 layer consolidated due to 
traffic. However, overall it can be seen that the percent of residual deflection responses in all the 
layers were relatively constant. Due to the excessive movements of the layers, the MDD data were 
only reliable up to 6,000 passes. Similar plots could not be produced for LFC4-S and LFC1-SE 
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due to data unavailability because the MDD data were only reliable up to 3,500 passes.  As stated 
before, HMA and base layers were analyzed together since the individual contribution from the 
base layer could not be determined.  
 
Figure 4.34: Percentage of the total residual response in a pavement layer,  
LFC3-N (6-wheel), west to east loading direction, wander = 0 
 
4.3.2 Individual layer deformation response values  
Another way to determine the presence of anti-shakedown effect is to look at the 
accumulated deformations of individual layer in the pavement section due to increasing traffic.  
This was achieved by utilizing a parameter called “Initial Reading” or “Offset Left”, which was 
recorded by the MDD data acquisition system on each pass of the test vehicle in addition to the 
deflection time history. Initial readings were basically the displacement readings of each MDD 
sensor before the landing gear carriage came within the influence zone of the sensor. However, 
since each MDD sensor movement was relative to the anchor movement, the initial reading value 
for each MDD sensor was calculated by subtracting each of the MDD initial reading response from 
the corresponding anchor values for a certain event. Once the initial reading for each MDD sensor 







the test sections at “n” number of passes at the center of the MDD line (Gopalakrishnan, 2004). 
This was done by first subtracting the initial reading for pass number “i -1” from the initial reading 
for pass number “i”, and then by taking the sum of the differences for all the passes up to “i” = “n” 
number of passes (see Equation 4.4).  
𝑀𝑀𝑀𝑀𝑀𝑀 𝑃𝑃𝑅𝑅𝐿𝐿𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑇𝑇 𝑀𝑀𝑅𝑅𝑜𝑜𝑜𝑜𝐿𝐿𝑃𝑃𝑅𝑅𝑇𝑇𝑝𝑝𝑜𝑜𝑅𝑅𝑝𝑝 𝑅𝑅𝑇𝑇 𝑃𝑃𝑅𝑅𝑝𝑝𝑝𝑝  ,𝑅𝑅






The cumulative permanent deformation values for the individual pavement layers were 
extracted from the MDD data. However, please note that due to sensor errors, the permanent 
deformation contributions from individual pavement layers could not be obtained for the north 
sections as in sections LFC3-N (subgrade values not available) and LFC1-NE. The developments 
of MDD permanent deformations with traffic passes are presented in Figure 4.35 to Figure 4.37 
for sections LFC3-N, LFC1-SE, and LFC4-S, respectively. Again, the contribution from the 
subgrade layer could not be determined for section LFC3-N.   
As can be seen, the contributions to rutting from the subbase layers were significant when 
compared to those from the other layers. After about 2,500 passes, the subgrade permanent 
deformation decreased rapidly for section LFC1-SE. Section LFC4-S showed similar trends for 
subgrade at around 1,000 passes. These trends were consistent with previous full-scale pavement 
studies (Gopalakrishnan, 2004; Donovan, 2009), where majority of the deformations were 




Figure 4.35: MDD permanent deformation accumulations, LFC3-N section, 6-wheel 
 
 
Figure 4.36: MDD permanent deformation accumulations, LFC1-SE section, 6-wheel 
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Figure 4.37: MDD permanent deformation accumulations, LFC4-S section, 10-wheel 
 
 
In airport pavements, the stability and strength of the unbound granular layers largely 
depend on the load wander affecting particle rearrangement. The first task in this chapter was to 
process all the CC5 MDD data for the available sections. However, prior to processing all the 
MDD data, an attempt was undertaken to determine the adequacy of the installed anchor depth in 
CC5 test sections. Two representative test sections were selected and modeled with a multi-layer 
elastic analysis program WinJUlEA to determine the vertical deflections occurring at the anchor 
depth. Additionally, the vertical deflections at the center of the loading were also calculated at the 
bottom boundary assumed to be fixed at 140-times the radius of the loading area following the 
recommendations provided in the literature. Based on the analyses, it was noted that the anchor 
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a limited depth of the test sections. But since the deflections calculated were so low, it was not 
taken accounted for in the further analyses to process all the MDD data.  
Once the MDD data were processed into individual layer deformation values, the residual 
deformation and rebound deformation values were also calculated.  Analyses of the MDD data 
indicated that the effects of wanders were evident on both the residual and rebound deformation 
accumulations because changes in wander locations influenced the directional nature (either 
upward or downward) of residual and rebound deformation values.  
The residual deformation data separation showed that the first pass on each wander position 
in the west to east direction typically caused the most response and the return pass along the same 
wander position showed significantly less residual deflection, despite having certain rest period 
between two consecutive passes. This finding clearly indicated the presence of shakedown in the 
unbound aggregate layers. Also, it was noted that shakedown was happening when the wander 
width was kept narrow, for example in the case of wander position 5.  Additionally, it was observed 
that for the 6-wheel sections, the residuals deformations were not increasing much due to increased 
traffic.  
On the contrary, at wander position 0, the crushed quarry screening subbase layer in the 
10-wheel section LFC1-NE consistently showed increased residual deformation values as the 
traffic progressed. This may be the case because at wander position 0, the 10-wheel LFC1-NE 
section had a wheel load directly applied over the MDD centerline compared to the 6-wheel 
sections, which had none. This finding highlighted how imperative it is to install the MDD in a 
fashion so that it gets at least one wander position where the wheel load would be applied right 




Further analyses were conducted by generating the graphs using the residual response 
trends of complete 66 pass wander pattern to determine where the critical wander positions were. 
Analyzing different sets of 66 pass wander pattern data indicated that both rut and heave initially 
decreased with the number of passes. Also, in every instance of traffic in the west to east direction, 
on wander position -3 for 6-wheel section, LFC3-N and wander position 0 for 10-wheel section, 
LFC1-NE produced the maximum downward residual deformation, which correlated with the 
position where a wheel was either close to or on top of the MDD centerline. All the other wander 
positions resulted in various amounts of rutting or heave. 
In addition to the residual deformation values, the rebound response of the subbase layers 
was also determined and analyzed to study the influence of different materials, wander location, 
sequence on them. It was found that the rebound response of the subbase layers was mostly 
contractive in nature except for sequence 5 and a few numbers of traffic passes in east to west 
direction. The rebound deformation values increased as traffic progressed for both the crushed 
quarry sections. However, the DGA section LFC3-N did demonstrate any such behavior in 
rebound. Another distinct pattern that emerged from analyzing the rebound values for different 
sections was that when there was a wheel load applied at an offset of the MDD sensor stack, the 
effects of different wander sequence and traffic direction were somewhat apparent on rebound 
deformations. 
Furthermore, an observation was made to show the clear presence of anti-shakedown in 
granular layers.  One way to achieve it was through determining the contribution of individual 
layer deformation values for each of the test sections by calculating the percent of residual 
deflection response values. In accordance, it was observed that for the LFC3-N section, the percent 
of residual deflection responses in the surface and granular P209 base and dense graded aggregate 
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(DGA) subbase layers did not decrease, contradicting with the shakedown theory which predicts 
the unbound aggregate layers to consolidate and hence decrease in time their contribution to 
permanent deformation.  
In addition, the permanent deformation values for the individual pavement layers were also 
calculated from the MDD data by utilizing an “initial reading.” In all cases analyzed for the 
available test sections, the contribution of rutting from subbase was significant when compared to 
those of the other layers, and furthermore, subbase layer deformations did not slow down but rather 
increased as traffic progressed. This phenomenon contradicted the shakedown theory according to 
which all unbound layers are expected to undergo shakedown due to traffic. The next chapters will 
discuss how residual deformation values at various wander locations can be utilized to further 




This chapter focuses on investigating the permanent deformation (rut) performance trends 
of NAPTF CC5 test sections trafficked with new-generation aircraft (NGA) loading applied in 
wander mimicking real world air pavement traffic conditions. The permanent deformation trends 
of airport pavements, especially the granular base and subbase layers get very complex due to non-
channelized aircraft gears and the load wanders since pavement responses due to gear/wheel 
wander is different and much more complex from the ones obtained from moving loads in a wheel 
path. However, despite being a highly researched topic in the last few decades, a knowledge gap 
still exists in understanding of granular material permanent deformation damage mechanisms 
trends in airport pavements. To this end, an attempt is made in this chapter to utilize the NAPTF 
CC5 full scale accelerated pavement test database to thoroughly investigate the permanent 
deformation trends observed in the CC5 test sections.  This is achieved by conducting an in-depth 
analysis of the periodic rutting performance due to the use two different subbase materials under 
different landing gears and loading conditions. In addition, this chapter also includes the 
comparisons drawn based on the permanent deformation trends observed in different test sections 





In each NAPTF CC5 test section, FAA regularly collected transverse surface profiles along 
3 lines that were 10 ft apart for a total of 18 lines for all the sections. The test plan is presented in 
Figure 5.1. Figure 5.1 also presents the transverse lines and the years in which sections were tested. 
The transverse profile measurements taken on the middle line (shown in Figure 5.1 as either line 
2 or line 5) were analyzed to calculate the rut depth. Additionally, a series of trenches were cut in 
selected locations of the test sections at the end of trafficking. The purpose of conducting the post 
traffic trenching tests was to identify the permanent deformation contributions of individual 
pavement layers to the total surface ruts due to the applied loading. Transverse profiles were taken 
to measure the elevation of each layer of the pavement test sections (P401, P209, crushed quarry 
screening and DuPont clay subgrade layers) from a reference line as shown in Figure 5.2. 
Transverse profile measurements were taken at six-inch intervals along the width of each pavement 
section to compute the elevation of each layer of the deformed test sections from a reference line. 
The next sections will present the detailed findings observed from transverse surface profile 
measurements and the post traffic trenching tests. 
 





Figure 5.2: Post traffic profile measurements in a trenched pavement section 
 
 
FAA employed 3 different profilers over the course of this study. Transverse profiles were 
initially measured using an FAA profiler that was 21 feet long till September 2008. FAA then 
upgraded to a 30-ft long profiler after 4,686 passes were completed and continued to use the 30-ft 
profiler till 2009. Then in 2012, which was also the last year of trafficking, FAA employed a new 
66-ft long profiler. The following subsections will introduce and discuss each of the profilers 
employed by FAA during CC5 testing. 
5.3.1 FAA’s 21 ft profiler 
In the beginning of trafficking, FAA used a 21-ft long profiler to measure the transverse 
surface profiles. The 21-ft profiler was later on replaced with a new 30-ft profiler after a total of 
4,686 passes were completed. The challenge with using the 21-ft profiler was that it was too short 
130 
 
to capture the entire width of the sections in one run.  So, initially, measurements referred to as 
“original profiles” in this chapter, were taken with an offset from the centerline towards the north 
to capture the only trafficked portion of the sections’ width. However, there were two upheavals 
gradually formed outside of the wheel track areas in all the pavement sections with the 
progression of trafficking. Although original profiles captured both upheavals in sections loaded 
with the 6-wheel gear, they failed to do so in sections loaded with 10-wheel gears as these 
upheavals were farther apart in sections loaded with the 10-wheel gear. In these 10-wheel 
sections, one of the upheavals was formed near the pavement centerline while the other was 
located within the section on the north side. So, to produce a more complete profile, additional 
profiles, called “center profiles” were taken as shown in Figure 5.3 and were stitched to the 
“original profiles” measured on these 10-wheel sections (LFC1-NE and LFC2-NW). 
 
 
Figure 5.3: Original and center profiles measured of north sections using 21-ft profiler 
 
5.3.2 FAA’s 30 ft profiler 
After a total of 4,686 passes were completed, FAA employed the new 30-ft profiler that 
could capture the entire width of the sections in one run. Figure 5.4 presents an example schematic 
of the measured profiles. The original profiles captured the entire 30 ft width of the sections. 
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However, besides the original profiles, additional profiles called extension profiles and center 
profiles were also collected utilizing the 30-ft profiler (see Figure 5.4).  Center and extension 
profiles were measured in LFC2-NE and LFC2-NW sections to measure the south upheavals that 
were formed around the centerline.  As shown, extension profiles start at approximately 4.5-ft 
south of the pavement centerline. In all the north sections, extension profiles were taken after 
5,518 passes to 12,144 passes in conjunction with the original profiles on the middle lines (line 2 
or 5). Transverse profile measurements continued in 2009 on the north sections using the FAA’s 
30-ft profiler. 
 
Figure 5.4: Extension profiles taken along original and center profiles on north sections 
using 30-ft profiler 
The 30-ft profiler was also used for transverse profile measurements on LFC1-SW, LFC1-
SE, LFC3-S, and LFC4-S sections in 2010. The profile testing was done on lines 1 to 3 of LFC1-
SW, LFC3-S, and LFC4-S sections, and lines 4 to 6 of LFC1-SE section. Figure 5.5 shows the 
locations of transverse profiles taken on the middle lines of south sections using the 30-ft profiler in 
2010. Please note that both 21-ft and 30-ft profilers utilized a non-contact vertical displacement 
transducer to measure the vertical deformation of the pavement surface and a distance measuring 
instrument (DMI) to measure the horizontal distance from the edge of the pavement. Also, both 
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profilers were equipped with a signal acquisition box to collect and store the surface deformation 
records. 
 
Figure 5.5: Original, extension, and center profiles on south sections using 30-ft profiler  
 
5.3.3 FAA’s 66 ft profiler 
In 2012, the FAA implemented a 66-ft profiler which could capture the width of the entire 
test pavement (south and north) in one run. Transverse profile measurements were performed on 
the south sections using this new profiler. One of the advantages of using the new profiler was 
that the surface conditions did not affect the profile measurements as the supporting points of the 
transverse profiler were fixed on the rail system that acted as a base for the profiler and the vertical 
displacements were measured by a moving infrared laser.  A reference line was tested before 
every profile measurement was taken and it was used to adjust the measured profile for beam 
curvature of the 66-ft profiler. All the reference profiles were ultimately used to conclude that the 
measurements taken using the 21-ft and 30-ft profilers were not affected significantly by the 
temperature induced beam curvature. Profiles were measured on lines 1 to 3 of sections LFC2-
SW, LFC3-S and LFC4-S, and lines 4 to 6 of section LFC2-SE. Figure 5.6 shows the locations 
of transverse profiles taken on the middle lines of south sections using the 66-ft profiler in 2012 
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testing. All the collected profiler data were processed by a series of software programs developed 
by the FAA and Applied Research Associates (ARA). But please note, the software programs 
automatically assume that the start and end of each profile starts at zero (0) elevation. Hence, zero 
(0) on the vertical axis of these transverse surface profiles should not be interpreted as pavement 
surface.  
 
Figure 5.6: Measured profiles on middle line of sections tested in 2012 using 66-ft profiler 
It is worth mentioning here that two different methods called the baseline and straightedge 
methods were implemented to calculate the surface rut depths from the transverse surface profile 
measurements. In the baseline method, surface rut is measured from a fixed baseline profile where 
the pavement profiles before trafficking are used as baseline profiles, and the peak difference 
between the measured transverse surface profile and the baseline is calculated as the rut depth for 
that pass (see Figure 5.7). One issue with this method is that the accuracy of the results could 
greatly be affected by the difficulties rising from issues such as using 3 different profilers, stitching 
the profiles, etc.  However, the other method called the straightedge method, calculated the rut 
depth as the peak difference between the profile and an imaginary line that connects the upheavals, 
resulting in more accurate rut profiles that are independent of other profiles (see Figure 5.8). For 




Figure 5.7: Maximum rut depth, baseline method 
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CC5 test database included 12 different test sections constructed with varying layer 
thicknesses and subbase materials and they were tested under different loading conditions. The 
next section discusses the rut performance trends observed in all 12 CC5 test sections. Conclusions 
are drawn based on the different landing gear configurations, loading conditions, subbase 
materials, and layer configurations. 
5.4.1 Effects of different landing gear configurations  
Four types of landing gears were applied on the selected sections which are wide spaced 
10-wheel, narrow spaced 10-wheel, 6-wheel, and 10-wheel gears similar in arrangements like 
Antonov aircraft gears. The details about all the CC5 sections along with trafficking pattern and 
test design are presented in Chapter 4. Sections with similar layer configurations and load levels 
are grouped together to analyze the effects of these various types of landing gear configurations 
on the rut performance trends of the selected sections. These groups are sections LFC1-NW (10-
wheel) and LFC1-NE (6-wheel), sections LFC1-SW (10-wheel) and LFC1-SE (6-wheel), LFC2-
NW (10-wheel) and LFC2-NE (6-wheel), and LFC2-SE (10-wheel) and LFC2-SW. The 
differences between the rut performance trends provided by the 10-wheel Antonov gears and the 
6-wheel gears could not be evaluated because the other testing conditions such as layer 
configurations and construction materials were not similar. Please note that the 10-wheel landing 
gear consisted of one (1) 6-wheel and one (1) 4-wheel landing gear that were apart from each other 
by either a distance of 9-ft or 12-ft, but moved over the section together side by side except for 
section LFC3-S and LFC4-S where all the 10-wheel gears were arranged together at an axle to 





Figure 5.9 (a) and (b) present the surface rut progression profiles measured with the 21-ft 
profiler at different stages of traffic for up to 4,686 passes for sections LFC1-NW (6-wheel) and 
LFC1-NE (10-wheel), respectively. Similar results are presented for sections LFC2-NE (6-wheel) 
and LFC2-NW (10-wheel) in Figure 5.10 (a) and (b).  Please note that, the 10-wheel landing gear 
in north sections comprised of a set of 6-wheel and 4-wheel gears positioned at 9 ft apart from 
each other. 
   
Figure 5.9: Rut progression depths 0 to 4,866 passes, 21-ft profiler 
a) section LFC1-NW, 6-wheel, and b) section LFC1-NE, narrow 10-wheel   
  
Figure 5.10: Rut progression depths, 0 to 4,866 passes, 21-ft profiler,  
a) section LFC2-NE, 6-wheel, and b) section LFC2-NW, narrow 10-wheel  
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The most distinctive pattern that emerges from Figure 5.9 and Figure 5.10 is the difference 
in widths and shapes of the rut craters observed in these sections. Both the 6-wheel sections LFC1-
NW and LFC2-NE had a narrower rut basin of typical widths around 12 ft compared to the 10-
wheel sections LFC1-NE and LFC2-NW that had around 23 ft wide basins. During the initial 1,000 
passes, both sections showed very high rutting rate, however, rut accumulations started to slow 
down as the traffic progressed. At the end of 4.686 passes, section LFC1-NW (6-wheel) and section 
LFC1-NE (10-wheel) showed around 1.5 in. and 1.3 in. of maximum rutting, respectively (see 
Figure 5.9 (a) and (b)), while section LFC2-NE (6-wheel) and section LFC2-NW (10-wheel) had 
around 1.7 in. and 1.25 in. of maximum rutting ( Figure 5.10 (a) and (b)). 
However,  according to Figure 5.9 (a) and Figure 5.10 (a), the highest rutting did not take 
place on the most trafficked position of the pavement section for both the 6-wheel sections, LFC1-
NW and LFC2-NE. This disparity could have happened due to using the 21-ft profiler which could 
not capture the whole width of the pavement in one run. As highlighted in Figure 5.10, the most 
heavily trafficked locations on both 6-wheel and 10-wheel sections were the areas between 14.6 
in. and 17.4 in. from the edge of the pavement centerline. However, for sections LFC1-NE (10-
wheel) and LFC2-NW (10-wheel), FAA took two separate profiles named the original and center 
profiles that were stitched together to cover the total width of the whole section.  And as observed 
in Figure 5.9 (b) and Figure 5.10 (b), the stitching resulted in more accurate transverse surface 
profile measurements as the maximum rutting on the pavement coincided with the most heavily 
trafficked locations.  
Once 4,686 passes were completed, FAA retired the 21-ft profiler and employed the 30-ft 
one. Figure 5.11 (a) and (b) present the rut progression profiles measured with the 30-ft profiler at 
different stages of traffic from 5,016 passes to 28,446 passes for section LFC1-NW (6-wheel) and 
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LFC1-NE (10-wheel), respectively. Similar results are presented in Figure 5.12 (a) and (b) for 
section LFC2-NE (6-wheel) and LFC2-NW (10-wheel). An interesting thing to note here is that, 
Figure 5.10 (a) shows upheavals formed at the end of 4,686 passes at the edge of the pavement 
section. However, the upheavals are not prominent when the testing resumed with the 30-ft profiler 
as shown in Figure 5.11 (a). This discrepancy again highlights the shortcomings of the 21-ft 
profiler as it was not capable of capturing the whole section width accurately. 
  
Figure 5.11: Rut progression depths 5,016 to 28,446 passes, 30-ft profiler, 
a) section LFC1-NW, 6-wheel, and b) section LFC1-NE, narrow 10-wheel 
Also, the 30-ft profiler could capture the rut basins more accurately than the 21-ft profiler 
because the highest rut took place at around 15 ft from the edge of the pavement centerline, which 
was also the area that that received the most traffic (see Figure 5.11 (a)). Though trafficking 
stopped after 28,446 passes were completed, no significant heaving was observed outside the 
loading area (see Figure 5.11 and Figure 5.12). 
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Figure 5.12: Rut progression depths, 5,016 to 28,446 passes, 30-ft profiler, 2008 & 2009, 
a) section LFC2-NE, 6-wheel, and b) section LFC2-NW, narrow 10-wheel 
To further evaluate the rut performances of these sections due to applications of the 
different landing gears, maximum rut depth results for sections LFC1-NE (6-wheel) and LFC1-
NW (10-wheel) are presented in Figure 5.13. It is observed that section LFC1-NE that is trafficked 
by a 6-wheel landing gear initially showed higher rut depths than section LFC1-NW with the 10-
wheel landing gear section. This behavior could be attributed to the fact that particle movements 
under the 6-wheel landing gear were more concentrated and greater than those under the 10-wheel 
gear that had a wider wander zone and eventually led to initial higher surface rut depths. However, 
after the first 5,000 passes were completed, both sections LFC1-NE (6-wheel) and LFC1-NW (10-
wheel) showed comparable rut depths until 12,000 passes when the loading was increased to 65 
kips. Traffic started at a wheel loading of 50 kips and was increased to 58 kips after 7,920 passes 
were completed. After 12,000 passes, section LFC1-NW with 10-wheel landing gear showed 
higher surface deformations than that of the 6-wheel section LFC2-NE. Also, note that FAA 
applied 10-wheel loading on section LFC1-NW instead of 6-wheel gear by mistake from 12,659 
to 13,530 passes. Section LFC1-NW (10-wheel) continued to demonstrate higher surface rutting 
trends till the end of trafficking at 28,446 passes. 
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Figure 5.13: Maximum rut depth, section LFC1-NW, 6-wheel, and section LFC1-NE, 
narrow 10-wheel 
Figure 5.13 also highlights the discrepancies in maximum rut depths obtained from the two 
different transverse surface profilers used in sections LFC1-NE (6-wheel) and LFC1-NW (10-
wheel). As previously mentioned, FAA used the 21-ft profiler till 4,686 passes after which they 
employed a 30-ft profilometer that could capture the whole width of the sections better as evident 
from Figure 5.9 through Figure 5.12. The maximum rut depth for all the sections show a sudden 
increase right after 30-ft profiler was implemented at 5,016 passes (see Figure 5.13). As discussed 
earlier, rut depths were calculated using the straightedge method that utilized the peak difference 
between the profile and an imaginary line connecting the upheavals to calculate the rut profiles 
(see Figure 5.8). And since the 21-ft profiler fell short to cover the whole width of the section 
properly, the upheavals in the sections could not be captured adequately and that probably led to 
lower rut depths than those measured by the 30-ft profiler. Another observation that could be made 
from Figure 5.13 is that the rut depths showed a decrease when the traffic resumed in 2009, 
especially for section LFC1-NE (10-wheel). This probably happened due to the fact that the 
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pavement layers lost moisture and gained strength during that 1-year of no traffic. Subsequently, 
upon trafficking, the rut depths were recorded lower than the last measurements taken a year ago.  
 The trend of 6-wheel section showing initial higher surface rut depths than the 10-wheel 
section was also observed in the case of sections LFC2-NE (6-wheel) and LFC2-NW (10-wheel) 
as well (see Figure 5.14). However, contrary to the previously presented sections of LFC1-NE (6-
wheel) and LFC1-NW (10-wheel), the 6-wheel section LFC2-NE continued to experience higher 
surface rutting until the wheel load was increased to 65 kips.  
  
Figure 5.14:Maximum rut depth, section LFC2-NE, 6-wheel, and section LFC2-NW, 
narrow 10-wheel 
This behavior again could be attributed to the fact that particle movements under the 6-
wheel landing gear were more concentrated and greater than those of the 10-wheel gear that had a 
wider wander zone and eventually led to higher surface rut depths. Also, sections LFC2-NE (6-
wheel) and LFC2-NW (10-wheel) were constructed with 4 in. thicker subbase layers than sections 
LFC1-NW (6-wheel) and LFC1-NE (10-wheel).  Once the wheel load was increased to 65 kips, 
the 10-wheel section started to exhibit more rutting till the end of trafficking at 28,446 passes. 
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Similar to previous sections, the discrepancies in measurements from the two different transverse 
surface profilers used in sections LFC2-NE (6-wheel) and LFC2-NW (10-wheel) are also visible 
in Figure 5.14. Also, the effect of the one-year no traffic period is also visible on the rutting trends 
of section LFC2-NE (6-wheel) where the rut depths showed a decrease due to potential heave 
when trafficking was resumed in 2009. 
South Sections 
Figure 5.15 (a) and (b) present the surface rut progression profiles measured with the 30-ft 
profiler at different stages of traffic for up to 10,560 passes for sections LFC1-SE (6-wheel) and 
LFC1-SW (10-wheel), respectively. Since section LFC1-SE was trafficked with the 6-wheel gear, 
the 30-ft profiler could accurately capture the whole width of the pavement at one go. As can be 
seen in Figure 5.15 (a), upheavals started to form as traffic progressed at the pavement edge and 
centerline but within the wheel track area. Rutting accumulation in section LFC1-SE (6-wheel) 
was notably high for the first 990 passes compared to the subsequent passes that followed. The 
surface profile prior to trafficking was not available for section LFC1-SW (10-wheel). 
   
Figure 5.15: Rut progression depths, 396 to 10,560 passes, 30-ft profiler,  
(a) section LFC1-SE, 6-wheel, and (b) section LFC1-SW, wide 10-wheel 
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As evident from Figure 5.15 (a), the upheavals in section LFC1-SE (6-wheel) formed 
within the south wheel track. However, section LFC1-SW had one of the upheavals formed beyond 
the wheel track and into the adjacent north section because of the wide 10-wheel gear 
configuration. So, consequently, the original 30-ft profiles could not capture this upheaval at one 
pass. Hence, the original and extension profiles were stitched together to form profiles that had 
both the upheavals. Figure 5.15 (a) and (b) also show that as expected, the 10-wheel gear section 
produced rut basins much wider than the 6-wheel gear section. Also, the 30-ft profiler 
measurements seemed much more reliable than the ones obtained with the 21-ft profiler since the 
most trafficked section in the pavements experienced the highest rut values for both sections 
LFC1-SE (6-wheel) and LFC1-SW (10-wheel). Though the rut basins varied in crater shape and 
width, both 10-wheel section LFC1-SW and 6-wheel section LFC1-SE had similar and comparable 
maximum rut depths (see Figure 5.16).  Please note that loading levels were maintained at 70 kips 
during all stages of traffic in these sections. 
Surface rut progression profiles measured with the 66-ft profiler at different stages of traffic 
for up to 8,484 passes are presented for sections LFC2-SE (6-wheel) and LFC2-SW (10-wheel) in 
Figure 5.17 (a) and (b).  Please note that FAA also utilized a 66-ft profiler for sections LFC2-SE 
(6-wheel) and LFC2-SW (10-wheel) that could capture the total width of the pavement section on 
both north and south sides. Note that FAA milled off 2 in. of the surface HMA layer on these 
sections prior to trafficking and its effects are clearly visible in Figure 5.17 (a) and (b). Like 
previous sections, the 6-wheel section LFC2-SE had upheavals formed within the wheel tracking 
area on the south side as the trafficking progressed but the upheavals in section LFC2-SW formed 
beyond the pavement centerlines (30 ft) into the north sides of the pavement section [see Figure 
5.17 (b)]. The surface deformation basins of section LFC2-SW had two (2) separate dips or 
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depressions that were formed due the 6-wheel and 4-wheel gear loading conditions, as shown in 
see Figure 5.17 (b). This was expected because section LFC2-SW was trafficked with a widely 
spaced 10-wheel landing gear. And analysis of the traffic distribution showed that the 6-wheel gear 
and 4-wheel gear never overlapped each other, and thus section LFC2-SW had two separate most 
trafficked locations. Details about the wheel load and traffic distribution were discussed earlier in 
Chapter 3. 
 
Figure 5.16: Maximum rut depths, section LFC1-SE, 6-wheel and  
section LFC1-SW, wide 10-wheel 
  
Figure 5.17: Rut progression depths, 0 to 8,484 passes, 66-ft profiler,  
 a) section LFC2-SE, 6-wheel, and b) section LFC2-SW, wide 10-wheel  
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Figure 5.18 shows the maximum rut depth values for section LFC2-SE (6-wheel) and 
LFC2-SW (10-wheel). The 10-wheel section LFC2-SW was subjected to higher total wheel load 
than the 6-wheel section LFC2-SE. But interestingly, the effects of higher load magnitudes are not 
clearly visible initially as both sections demonstrated similar highest rut depths till 1,000 passes. 
However, after 1,000 passes, the 10-wheel section LFC2-SW (10-wheel) consistently showed 
much higher rut depths than section LFC2-SE (6-wheel).  
 
Figure 5.18: Maximum rut depths, section LFC2-SE, 6-wheel,  
and section LFC2-SW, wide 10-wheel 
5.4.2 Effects of different subbase materials 
Section LFC1-NW and LFC4-N were both trafficked with 6-wheel landing gears under 
similar loading conditions but were constructed with two different subbase materials, namely 
crushed quarry screening and Dense Graded Aggregate (DGA) mix, respectively. The coarse 
aggregates in the DGA mix were much larger than those of the crushed quarry screening mix. The 
purpose of constructing a DGA subbase layer was to evaluate the feasibility of using DGA 
materials as a replacement for crushed quarry screening materials. However, as can be seen in 























Figure 5.19 and Figure 5.20, section LFC1-NW (crushed quarry screening) consistently 
outperformed section LFC4-N (DGA) by showing lower rut depth values up to 20,000 passes. 
However, after 20,000 passes were completed, section LFC4-N (DGA) demonstrated similar 
rutting values to section LFC1-NW (P154). Also, please note that the transverse surface profile 
measurements were taken at certain intervals,  Figure 5.20 starts from pass 5,808 rather than 4,877. 
  
Figure 5.19: Rut progression depths, 0 to 4,866 passes, 21-ft profiler section LFC1-NW, 
crushed quarry screening, and b) section LFC4-N, DGA subbase 
 
    
Figure 5.20: Rut progression depths, 5,808 to 28,446 passes, 30-ft profiler section LFC1-
NW, crushed quarry screening, and b) section LFC4-N, DGA subbase  
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Maximum rut depth results for sections LFC4-N (DGA) and LFC1-NW (crushed quarry 
screening) are presented in Figure 5.21. As can be seen, the difference in maximum rut depths 
between the two sections started to decrease after the load level was increased to 70 kips (see 
Figure 5.21). Please note that Figure 5.19 (b), which shows the surface profiles from 0 to 4,686 
passes for section LFC4-N (DGA), was reproduced from an image file because the original source 
file was not available. Subsequently, the maximum rut depths for section LFC4-N (DGA) were 
not available until 4,686 passes. Additionally, the rut depths of section LFC1-NW presented here 
were adjusted to take into account the differences in measurements by the different (21-ft and 30-
ft) profilers. This is because the main focus in this subsection is to investigate the influence of 
different subbase materials on the development of maximum rut depth in these sections and only 
the 30-ft profiler data were available for section LFC4-N.  
 
Figure 5.21: Maximum rut depth, section LFC1-NW, crushed quarry screening subbase, 
and section LFC4-N, DGA subbase 
The other two sections built with different subbase materials but tested under similar 
loading conditions are LFC2-NE (crushed quarry screening) and LFC3-N (DGA). Figure 5.22 and 
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Figure 5.23 present the transverse surface profiles for these two sections and Figure 5.24 presents 
the maximum rut depth results.  Similar to sections LFC1-NW, the maximum rut depths of section 
LFC2-NE were also adjusted to take into account the differences in measurements by the different 
(21-ft and 30-ft) profilers and the one-year no traffic period. Section LFC2-NE built with crushed 
quarry screening subbase materials outperformed the LFC3-N section constructed with DGA 
subbase in terms of lower rut accumulations till the end of trafficking. 
  
Figure 5.22: Rut progression depths, 0 to 4,866 passes, 21-ft profiler, 
a) section LFC2-NE, crushed quarry screening, and b) section LFC3-N, DGA subbase 
 
  
Figure 5.23: Rut progression depths, 5,016 to 28,446 passes, 30-ft profiler, 
a) section LFC2-NE, crushed quarry screening, and b) section LFC3-N, DGA subbase 
 

























































































































Figure 5.24: Maximum rut depth, section LFC2-NE, crushed quarry screening subbase, 
and section LFC3-N, DGA subbase 
 
5.4.3 Impact of subbase thickness 
 Sections LFC1-NW and LFC2-NE were both trafficked with 6- wheel gear and similar 
wheel loading levels, however the subbase was 4 in. thicker in LFC2-NE. Interestingly, at lower 
load levels, the effect of a thicker subbase layer was minimal because both sections LFC1-NW 
and LFC2-NE displayed similar rut depth values as  shown in Figure 5.25. However, the larger rut 
depth values in section LFC1-NW became more pronounced as the number of passes increased, 
especially after the wheel loading was increased to 70 kips. One thing to note is that at the 
beginning of testing in 2009 the 10-wheel configuration instead of the 6-wheel gear was used on 
section LFC1-NE for the first 871 passes by mistake. As discussed earlier, due to switching to a 
30-ft profiler from the 21-ft one and after one-year no traffic period, Figure 5.25 shows the rut 
depths decreased at the beginning of trafficking in 2009. 
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Figure 5.25: Maximum rut depth, section LFC1-NW, 34 in subbase, and section LFC2-NE, 
38 in subbase 
On the other hand, higher rut depths were observed in section LFC1-NE compared to 
section LFC2-NW from the very beginning of the trafficking as highlighted in Figure 5.26. These 
two sections were both loaded with the 10-wheel gear and similar wheel load levels; however, 
section LFC2-NW was 4 in. thicker than section LFC1-NE. An interesting thing to note here is that 
at lower load levels such as 58 kips, the subbase thickness did not have any impact on the rut 
performance of the 6-wheel sections LFC2-NE and LFC1-NW. However, when the total applied 
wheel load was higher such as in the case of the 10-wheel gear applications, the sections with the 
thicker subbase layer always outperformed the thinner sections by resulting in lower rut 
accumulations. 
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Figure 5.26: Maximum rut depth, section LFC1-NE, 34 in subbase,  
and section LFC2-NW, 38 in subbase 
 
5.4.4 Load level effects 
Sections LFC1-NW and LFC1-SE, and sections LFC2-SE and LFC2-NE had similar layer 
and landing gear configurations, but they were tested under different load levels. For sections 
LFC1-NW and LFC2-NE, wheel loads were initially set at 50 kips and loading was increased to 
58 kips after 7,920 passes were made. The load for these north sections was again increased to 65 
kips at approximately 13,530 passes. After 18,612 passes were completed, the wheel loads were 
increased for the last time to 70 kips. On the other hand, wheel loading was always set at 70 kips 
for the south sections LFC1-SE and LFC2-SE. The impacts of different load levels applied in these 
sections are clearly visible in Figure 5.27 and Figure 5.28. Sections LF1-SE and LFC2-SE that 
were tested under higher loads always demonstrated greater rut depths than north sections LFC1-
NW and LFC2-NE. Though, section LFC1-SE received less than half of the passes (12,936 passes) 
than section LFC1-NW (28,446 passes), the final maximum rut depth for LFC1-SE was 10 in. 
compared to section LFC1-NW which showed a maximum rut depth of 6.5 in. Similarly, section 
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LFC2-SE only received 8,454 passes but had around 3.49 in. final rutting which was almost 30% 
more rutting than what section LFC2-NE showed at 8,454 passes. Again, please note that the 
maximum rut depths of the north sections were adjusted to minimize any discrepancies due to the 
use of different (21-ft and 30-ft) profilers and the one-year no traffic period from 2008 to 2009. 
 
Figure 5.27: Maximum rut depth, section LFC1-SE, and section LFC1-NW 
 
 
Figure 5.28: Maximum rut depth, section LFC2-SE, and section LFC2-NW 
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An attempt is made in this section to quantify the contributions of subbase layers to the 
total surface rutting. Figure 5.29 presents the maximum surface deformations or rut depths 
measured in the field and the MDD determined surface and subbase deformations for section 
LFC1-SE. Note that only section built with crushed quarry subbase materials that had both surface 
and subbase deformations measured by the MDD was section LFC1-SE. Also, section LFC1-SE 
had MDD data for up to 3,500 passes. As can be seen, the MDD surface deformation values closely 
followed the field measured rut depths up to 2,500 passes. For the first few wander cycles, the 
subbase deformations were around 25% of the total surface rut depths. However, the contribution 
of subbase layer to the total surface profile increased significantly to 39% as the traffic progressed. 
 
Figure 5.29: Surface deformations (field and MDD) and subbase deformations (MDD), 
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As mentioned earlier in the beginning of this chapter, selected areas of CC5 sections had a 
series of post traffic trenching tests carried out to characterize the deformation of each pavement 
layer.  Figure 5.30 to Figure 5.41 present all the CC5 pavement section individual layer profiles 
from trench data. The vertical axis for the trenched pavement layers shown in the figures represent 
the offset from the centerline where the positive and negative offsets denote the south and north 
sections, respectively. 
According to Figure 5.30, all the layers including the top of the subgrade for sections 
LFC1-NE and LFC1-SE underwent a substantial amount of rutting during the trafficking. Also, 
Figure 5.30 shows the layer thicknesses before and after trafficking, represented by solid and 
dashed lines, respectively. As shown, the thin HMA layer thickness did not change much during 
the testing and most of the rutting occurred in granular and subgrade layers. Trafficking in section 
LFC1-NE started in 2008 and ended in 2009 while in section LFC1-SE, testing started and 
concluded in 2010. The effect of 10-wheel gear is also evident in Figure 5.30 and Figure 5.31 as 
due to the 10-wheel gear, upheavals formed beyond the pavement centerline into the south section, 
LFC1-SE. The average thicknesses of the HMA, base, and subbase layers for section LFC1-NE 
(10-wheel) after 28,446 passes, were around 4.83 in., 6.92 in., and 32.99 in., respectively. On the 
other hand, 6-wheel section LFC1-SE was left with an average thickness of 4.85 in., 6.31 in., and 
32.44 in. of HMA layer, base, and subbase layers, respectively after 12,936 passes were completed. 
Despite receiving much lower number of passes, LFC1-SE demonstrated more subgrade rutting 
than section LFC1-NE (see Figure 5.30). This probably occurred as section LFC1-SE was 





Figure 5.30: Trenched pavement layers, section LFC1-NE and LFC1-SE 
 
 
Figure 5.31: Layer thicknesses before and after trafficking,  
section LFC1-NE and LFC1-SE 
  
Similarly, subgrade layer in section LFC1-NW did not display as pronounced depression 
or rutting as it did in section LFC1-SE (see Figure 5.32). Also, the 10-wheel landing gear in section 
LFC1-SW pushed the upheaval to be formed beyond the pavement centerline to the adjacent north 
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section, LFC1-NW (6-wheel). The average thicknesses of the HMA, base, and subbase layers for 
section LFC1-NW (6-wheel) after 28,446 passes, were around 4.65 in., 6.83 in., and 32.98 in., 
respectively, and section LFC1-SW (10-wheel) had average thicknesses of the HMA, base, and 
subbase layers after 10,560 passes of were around 4.97 in., 6.49 in., and 32.80 in., respectively 
(see Figure 5.33). The analyses of the trenched sections for the rest of the sections also showed 
that most of the deformations were limited to the base and subbase layers and the subgrade did not 
rut much compared to the other top layers (see Figure 5.34 through Figure 5.41). Also, as 
previously mentioned, 2 in. of HMA layer were milled off from section LFC2-SE and LFC2-SW 
prior to trafficking (see Figure 5.34 through Figure 5.36). And as a result, the top of the P209 base 
layers were also damaged in sections LFC2-SE and LFC2-SW.  
 
Figure 5.32: Trenched pavement layers, section LFC1-NW and LFC1-SW 
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Figure 5.33: Layer thicknesses before and after trafficking,  
section LFC1-NW and LFC1-SW 
 
Figure 5.34: Trenched pavement layers, section LFC2-NE and LFC2-SE 
 
 



















 HMA Thickness  Base Thickness  Subbase Thickness
 Original HMA Thickness  Original Base Thickness  Original Subbase Thickness
   LFC1-NW
6-Wheel Path 
        LFC1-SW 
    10-Wheel Path































 Top of Subgrade
   LFC2-NE
6-Wheel Path 
        LFC2-SE 
     6-Wheel Path
2 in. HMA was milled for this area
     Approximate elevaton for 
    P209 top was damaged while 




Figure 5.35: Layer thicknesses before and after trafficking,  
section LFC2-NE and LFC2-SE 
 
Figure 5.36: Trenched pavement layers, section LFC2-NW and LFC2-SW 
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Figure 5.37: Layer thicknesses before and after trafficking, 
section LFC2-NW and LFC2-SW 
 
 
Figure 5.38: Trenched pavement layers, section LFC3-N and LFC3-S 
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Figure 5.39: Layer thicknesses before and after trafficking, 
section LFC3-N and LFC3-S 
 
 
Figure 5.40: Trenched pavement layers, section LFC4-N and LFC4-S 
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Figure 5.41: Layer thicknesses before and after trafficking, 
section LFC4-N and LFC4-S 
 
 
This chapter presents a detailed investigation about the damage accumulation trends 
observed in 12 instrumented airfield pavement sections built with two different subbase materials 
that were tested under various load levels and four types of landing gear configurations at Federal 
Aviation Administration’s (FAA) National Airport Pavement Test Facility (NAPTF). The 
summary of observations made based on the evaluation of rut performances are as follows:  
• The width of the rut crater found in the 10-wheel section was wider than that of the 
6-wheel section. It was also observed that, at load levels of 50 kips the 6-wheel gear 
produced more rutting than the 10-wheel gears (section LFC1-NE vs LFC1-NW). 
However, both the 6-wheel and 10-wheel gears resulted in similar rut depths when tested 
under high load levels of 70 kips (section LFC1-SW vs LFC1-SE). Also, 10-wheel gears 
caused an upheaval to form outside the 10-wheel loading area into the adjacent test section.   
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• The rut performance evaluation demonstrated that the sections constructed with 
crushed quarry screenings performed better than the one built with dense graded aggregates 
(DGA mix). Also, the subbase thickness played a significant role affecting the rutting 
performance trends of the sections. For the 10-wheel sections, thicker subbase layers 
consistently resulted in lower rut values with increasing number of passes. However, the 
impact of subbase thickness was found to be minimal in the 6-wheel sections when the load 
levels were kept below 65 kips. 
• The effect of using different profilers in some of the sections on the north side was 
evident as the 21-ft profiler often fell short to capture the whole width of the pavement 
section properly and subsequently resulted in rut craters that deviated largely from the ones 
measured by a 30-ft one in width. Also, the maximum rut depths measured by the 21-ft 
profiler increased sharply when the 30-ft profiler was used. 
• The maximum rut depths measured showed a decrease in magnitude when the 
trafficking resumed after a one-year no traffic period in 2009. This could be due to the fact 
that the subgrade probably gained strength due to moisture loss and hence, the sections had 
less deformations when the testing commenced. 
• Analyses of surface deformations measured by both the surface profilers and the 
MDD sensors showed that the crushed quarry screening subbase contributed to the total 
surface deformations at around 39% of the total deformations. 
• The rut accumulation rate was found to be much greater in sections initially 
subjected to higher loads. This was evident in sections LFC1-SE and LFC1-NW, and 
LFC2-SE and LFC2-NE. Even after having similar layer configurations and materials, 
sections LFC1-SE and LFC2-SE, subjected to 70-kip loading from the start of the 
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trafficking demonstrated more than 30% higher rut values than their counterpart sections 
LFC1-NW and LFC2-NE, respectively.  
• Post traffic trenching study showed that the subgrade layers in sections with 38 in. 
subbase layers did not show any significant rutting after trafficking was concluded and 
most of the rutting in these sections were limited to base and subbase layers. However, 
rutting did occur to some extent in subgrade layers of sections LFC1-SE, LFC1-NE, LFC1-
SW, and LFC1-NW that were all built with a 34 in. of subbase layer. It was also observed 
that the thin HMA layer thickness did not change much, i.e. no HMA rutting in any section 




NAPTF CC5 full scale accelerated pavement testing data showed that most of the rutting 
in the flexible pavement sections was contributed by the unbound layers while rutting in the 
subgrade material was minimal. This was attributed to the constant particle rearrangements due 
to gear load wander which played a major role in rutting damage accumulation in the unbound 
layers. Addressing these concerns, one of the objectives of the research effort was to analyze the 
effects of previous load applications and the wander patterns on the final surface rut developments 
in the pavement test sections and subsequently, to develop a Multi-depth Deflectometer (MDD) 
data analysis approach that would take into consideration the effects of previous load application 
or the stress history effects to predict deformation potentials of airport pavements subjected to 
heavy aircraft loading with wanders. This was achieved by refining the Method of Critical Points 
integral to the stress history based MDD data analysis approach previously developed by 
Donovan (2009). The Method of Critical Points or the stress history based approach, which is 
based on the relationship between the maximum residual MDD readings due to various wander 
positions, can be used to calculate a realistic transverse profile occurred due to multiple aircraft 
passes applied with wander in airfield pavements. Further validation and improvement of this 
approach needed new inputs for the residual deformations over a complete wander pattern, which 
was accomplished by using the CC5 MDD data analysis results from Chapter 4. This chapter 
focuses on modifying the “stress history based approach” developed by Donovan (2009) to 
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investigate whether or not these transverse surface profiles created utilizing MDD residual 
response values could be used to determine the final surface rut development of CC5 NAPTF test 
sections.  
 
The findings presented in Chapter 5 established that the wander locations and sequence 
influenced the magnitude of the residual deformations found in the test sections. So, the next 
stage in this study was to use this information to create the deformation basins of the CC5 test 
sections. Due to readily available data, four sections from the NAPTF CC5 database were initially 
selected to develop the transverse surface profiles using MDD residual values. These sections 
were LFC3-N (6-wheel), LFC1-SE (6-wheel), LFC4-S (10-wheel), and LFC1-NE (10-wheel 
narrow). The ideal scenario in using the MDD residual response values to create the transverse 
surface profiles would be to have the MDDs placed transversely across the selected pavement 
sections. However, since the MDDs were installed only at a single location on the pavement, the 
MDD residual response data from different wander positions due to a single gear carriage pass 
were used to create a quasi-transverse profile as discussed next in this section.  
All the nine (9) wander positions with the associated MDD locations in the 6-wheel 
sections are presented in Figure 6.1a. In addition, Figure 6.1b presents an example of how 
stationary MDD readings can be utilized to create half of the transverse profile by aligning the 
wheel paths in a straight manner where each of the stationary surface MDD sensor readings 
measured during trafficking of the 9-wander positions provides a transverse profile data point. 
Then the MDD reading locations from Figure 6.1b can be inverted around the wander centerline 
to create the complete transverse profile by assuming that the transverse profile is a mirror image 
as presented in 6.2.  Please note that Figures 6.1 a, 6.1 b, and 6.2 also represent section LFC4-S 
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because it had the same wander zone width as the 6-wheel sections when all the 10 wheels were 
arranged altogether at an axle to axle distance of 57 in. 
  
Figure 6.1: a) 6-wheel and 10-wheel Antonov wander pattern compared to the stationary 
MDD location and b) MDD locations if the wheel paths are aligned 
Similarly, all the nine (9) wander positions with the associated MDD locations in section 
LFC1-NE with 10-wheel narrow landing gear configurations are presented in Figure 6.3 a and 
Figure 6.3 b.  Likewise, Figure 6.4 presents the shifted MDD location inverted around the wander 
centerline to create the transverse surface profile for the 10-wheel narrow section. The major 
difference between these sections was that the MDD centerline coincided with the wander 
centerline in the 6-wheel and 10-wheel Antonov sections while the wander centerline was located 
at a distance of 4.5 ft from the MDD centerline in the 10-wheel narrow section. So, when the 

















in a narrower transverse surface profile than the 10-wheel narrow section LFC1-NE as shown in 
Figure 6.4. 
 
Figure 6.2: Stationary MDD readings from an applied sequential wander pattern used to 
create a surface transverse profile, 6-wheel and 10-wheel Antonov sections 
In previous NAPTF CC1 and CC3 studies, it was observed that when the wander locations 
were close to each other between the gear wheels, a slight difference in the readings could lead 
to significant changes in the resulting deformation basin (Donovan 2009, Donovan et al. 2016). 
In accordance, the methodology of using only “critical” stationary MDD response values to create 
deformation basins of pavements, as developed by Donovan (2009) utilizing the CC1 and CC3 
test database was modified and adopted in this study to apply the same concepts to  NAPTF CC5 
database. To do so, the first step in creating the transverse surface profiles was to determine which 
of the MDD readings were critical to create the transverse profile. As presented in Chapter 4, for 
all the 6-wheel and the 10-wheel Antonov sections, wander position -3 consistently showed the 
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maximum downward residual while wander positions 0 and -4 produced the maximum upward 
deformation values, respectively (Chapter 4). So, wander position -3 was considered one of the 
critical locations with maximum downward residual values. For the next critical location, wander 
positions -4, and 0 showed comparable residual values. However, for convenience, wander 
position -4 was taken as the other critical location for the 6-wheel sections as it could provide a 
data point at the outer edge of the transverse location. The average of the two critical location 
values at wander positions 0 and -4 were used at the midpoint of the gear while the point of zero 
residual deformation was assumed to be at 18 inches outside of wander position -4.  
On the other hand, for the 10-wheel narrow section LFC1-NE, the two most critical points 
were wander position 0 and wander position 2, which consistently produced the maximum 
downward and upward residual deformation values, respectively (Chapter 4). Besides these two 
points, wander position 4 was taken to provide a data point outside wander position 2 and the 
point of zero residual deformation was assumed to be 30 in. outside of wander position 4, because 
the 10-wheel section had a wider wander zone.  
Once the critical points were established, it was assumed that if the transverse profile was 
a mirror image, the critical MDD reading locations could be inverted around the wander 
centerline and thus, a 118 in. and a 195.88 in. wide complete transverse profiles were created for 
the 6-wheel and 10-wheel narrow sections, respectively. So, after the width of the transverse 
profile was known, the values of the residual deformation between the critical points could be 
determined. This was done by assuming that the residual deformation profiles were of parabolic 
shapes where the critical points corresponded to the vertex of a parabola. The transverse profile 
data values were calculated every 0.25 in. and combining the parabolas resulted in a smooth 
transverse profile created using only the critical points as shown in Figure 6.4. As expected, 
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Figure 6.5 shows that residual deformation recorded during a west to east pass was different than 
that of the seen from an east to west pass. Though this method to create the transverse profiles 
was not completely accurate, it provided valuable insight into the creation of the residual 
deformation basin. Therefore, it was used in this study to compute the accumulation of the 
residual deformation basin.  
 
  
Figure 6.3: a) 10-wheel narrow wander pattern compared to the stationary MDD location  
and b) MDD locations if the wheel paths are aligned  
As previously shown in Figure 6.4, the inverted critical MDD reading locations around 
the 10-wheel wander centerline in Section LFC1-NE could not cover the whole traffic zone of 
the section which resulted in residual deformation basins where the deformation values provided 
by the left wheel of the 6-wheel gear and the right wheel of the 4-wheel gear one could not be 
accurately determined as shown in Figure 6.6.  Therefore, section LFC1-NE could not be included 
further in the subsequent analysis in this study because this discrepancy would have resulted in 
MDD transverse surface profiles that could not have comparable basin widths compared to the 






Figure 6.4: Stationary MDD readings from an applied sequential wander pattern used to 
create a surface transverse profile, 10-wheel narrow section 
 
 
Figure 6.5: Example of the critical points used for transverse profile creation,  






Figure 6.6: Example of the critical points used for transverse profile creation,  
section LFC1-NE (10-wheel narrow) 
 
Figure 6.7 a shows an example of one set of completed transverse profiles for a 66-pass 
wander pattern calculated by combining the residual deformation transverse profile from each 
wander sequence and travel direction for section LFC3-N (6-wheel) using the total surface 
residual deformation values. Note that the residual deformation values for the first 100 passes 
were excluded from this study. The field measured 66-pass profile is presented in Figure 6.7b. 
As seen in  Figure 6.7a and Figure 6.7b, though the contours of the MDD created 66-pass residual 
basins are similar to the field measured values, the magnitudes of the calculated surface 
deformations far exceeded the measured values in the field.   
Subsequently, though summation of the individually determined transverse profiles from 
each pass of a 66-pass wander pattern led to a bowl-shaped crater basin that matched the contour 
of the transverse profile as seen from field measured transverse surface basins, the magnitude 
was much greater than the actual transverse profile found in the field as shown in Figure 6.8. In 
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other words, if the created transverse profiles were summed over the actual number of complete 
66-pass wander patterns covered in 28,446 passes, the predicted rut depth was much greater than 
the measured values (the resulting accumulated rut was almost 170 times higher than the 
measured in the field). 
  
Figure 6.7: a) Example 66-pass residual basin and 
b) 66-pass field obtained transverse surface profile, section LFC3-N (6-wheel) 
 
  
Figure 6.8: Comparison of predicted profiles and field measured transverse surface 
profiles, section LFC3-N (6-wheel) 
The same trend was observed in the accumulated transverse profiles in section LFC1-SE 
and LFC4-S where the resulting accumulated ruts were almost 30-50 times greater than the 
measured amounts (see Figure 6.9 and Figure 6.10). So, even though the shapes of the created 
transverse profiles closely resembled the field profiles; when the created transverse profiles were 











































































































































summed for the number of complete 66-pass wander patterns, the magnitudes of the created 
profiles much exceeded those found in the field.  
  
Figure 6.9: Comparison of predicted profiles and field measured transverse surface 
profiles, section LFC1-SE (6-wheel) 
One of the primary reasons of this discrepancy between the MDD predicted transverse 
surface profiles and field measured ones observed in all the sections can be attributed to the fact 
that small variations in the MDD readings used to form the created transverse profiles were 
multiplied over thousands of passes creating significant fluctuations and errors ultimately 
resulting in erroneous transverse surface profiles. Additionally, the amount of deformation in 
granular layers depend on whether the soil element experienced rut or heave in the last pass; if 
the element was compressed in the previous pass, it would show more heave in the next offset 
pass.  Likewise, if the element heaved in the last pass, the next pass when the load was directly 
over the element would make the soil rut more. So, the residual transverse profile from each pass 
was affected by the residual profile of the previous pass.   














































































Figure 6.10: Comparison of predicted profiles and field measured transverse surface 
profiles, section LFC4-S (6-wheel) 
Therefore, if the stress history effects were ignored, predictions of transverse surface 
profile in CC5 tests would be inaccurate.  This observation supports the findings documented by 
Kim and Tutumluer (2005) about the importance of stress history effects on the behavior of 
granular layers and how by including stress history adjustment factors into the rutting prediction 
equations, permanent deformations could be predicted more accurately. The next subsection will 
discuss the applicability of stress history correction approach to predict the rut depths in the 
selected test sections.  
 
As explained earlier, the final shape of a residual deformation basin can be predicted by 
using an MDD based transverse profile creation approach and by knowing the locations of the 
gear wheels for each wander position and number of passes. But calculating accurately, the 
magnitude of the residual transverse profile across a pavement section based on an individual 
residual transverse profile is extremely difficult. However, NAPTF Construction Cycle 1 (CC1) 
and Construction Cycle 3 (CC3) studies found that a more accurate and closer deformation profile 
could be developed if the calculation of the transverse profile was corrected by considering the 








































































residual deformation of the previous pass or the effects of the previous load applications 
(Donovan 2009). This method also known as the stress history based approach considers that if 
there was rut due to previous pass and if there was rut in same location due to current pass as 
well, then the additional rut would be less. Similarly, upward deformation or heave observed in 
the previous pass followed by another heave in the next pass would ultimately result in less 
additional heave. The next subsections will first present an overview of the stress history based 
approach previously developed in the NAPTF CC1 and CC3 studies and then will evaluate the 
applicability of this approach to input data from the NAPTF CC5 test sections.    
6.3.1 Transverse surface profile development in NAPTF CC1 test sections  
As discussed earlier, the first step to determine the transverse surface profiles using MDD 
data was to identify the critical MDD locations. Figure 6.11 presents the critical MDD locations 
4, 2, and 0 as identified for NAPTF CC1 MFC section. Figure 6.12 compares the MDD calculated 
and field measured transverse profiles of the MFC (Donovan, 2009). Figure 6.12 shows that as 
expected if the transverse profiles readings were simply added, the magnitude was much greater 
than the actual profilometer measured transverse profile. However, Donovan (2009) reported that 
the ratio of the critical MDD readings to the maximum downward residual deformation remained 
relatively consistent within each NAPTF CC1 and CC3 test section where the maximum heave 




Figure 6.11: Critical points used for transverse profile creation,  
CC1 MFC section (6-wheel) 
 
Figure 6.12: Created transverse profile for 5,082 passes (summation of 77 66-pass profiles) 
and measured transverse profiles from CC1 MFC section (6-wheel) 
Accordingly, a series of “critical point multiplication factors” were developed in CC1 and 
CC3 studies to calculate the transverse surface profile from only using the critical MDD location 
values. The approach entails that if the maximum downward residual deformations from wander 
position 0 for the 6-wheel measured lane and wander position 1 for the 4-wheel lane were taken 
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as the standard, then comparing the other critical point residual deformations revealed relatively 
consistent ratios for each section from CC1 database as presented in Table 6.1 and calculated 
using the Equation 6.1: 
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑊𝑊 𝑀𝑀𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑃𝑃𝑊𝑊𝑊𝑊 𝑃𝑃𝑃𝑃 𝑊𝑊𝑊𝑊𝑃𝑃𝑊𝑊𝑊𝑊𝑑𝑑𝑃𝑃𝑊𝑊𝑊𝑊 𝐶𝐶𝑊𝑊𝑃𝑃𝑃𝑃𝑃𝑃𝐶𝐶𝑊𝑊𝑀𝑀 𝑃𝑃𝑃𝑃𝑃𝑃𝑊𝑊𝑃𝑃 𝐷𝐷𝑊𝑊𝐷𝐷𝑃𝑃𝑊𝑊𝑑𝑑𝑊𝑊𝑃𝑃𝑃𝑃𝑃𝑃𝑊𝑊=  
 
𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 𝑫𝑫𝑫𝑫 𝑾𝑾𝑫𝑫𝑫𝑫𝑾𝑾𝑫𝑫𝑫𝑫 𝑷𝑷𝑫𝑫𝑷𝑷𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 "𝑿𝑿"
𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 𝑫𝑫𝑫𝑫 𝑾𝑾𝑫𝑫𝑫𝑫𝑾𝑾𝑫𝑫𝑫𝑫 𝑷𝑷𝑫𝑫𝑷𝑷𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 𝑫𝑫𝑫𝑫 𝑫𝑫𝒕𝒕𝑫𝑫 𝒍𝒍𝑫𝑫𝒍𝒍𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 𝒘𝒘𝑫𝑫𝑫𝑫𝒕𝒕 𝑴𝑴𝑫𝑫𝑴𝑴𝑫𝑫𝑫𝑫𝑴𝑴𝑫𝑫 𝑫𝑫𝑫𝑫𝒘𝒘𝑫𝑫𝒘𝒘𝑫𝑫𝑫𝑫𝑾𝑾 𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫
   Equation 6.1 
 
Table 6.1. Ratios of residual critical point values and the maximum critical point values 
used for calculating transverse surface profiles, CC1 sections 
 
 
Table 6.1 demonstrates that regardless of the test section, the maximum heave (2 multiplier 
for the 6-wheel lane and -1 multiplier for the 4-wheel lane) was approximately 50% of the 
LFS B777 LFS B777 LFC B777 LFC B777 
NE MDD NW MDD NE MDD NW MDD
W-E Avg E-W Avg W-E Avg E-W Avg W-E Avg E-W Avg W-E Avg E-W Avg
4 Multiplier -0.20 -0.04 -0.30 -0.05 -0.09 0.01 -0.18 0.00
2 Multiplier -0.38 -0.10 -0.46 -0.07 -0.44 -0.10 -0.45 -0.13
0 Multiplier 1.00 0.45 1.00 0.72 1.00 0.20 1.00 0.27
Midpoint Multiplier -0.19 0.00 -0.19 0.03 -0.38 -0.04 -0.33 -0.07
LFS B747 LFC B747 LFC B747 
SW MDD SE MDD SW MDD
W-E Avg E-W Avg W-E Avg E-W Avg W-E Avg E-W Avg
-3 Multiplier -0.31 -0.09 -0.14 -0.01 -0.15 -0.02
-1 Multiplier -0.53 -0.10 -0.46 -0.13 -0.49 -0.14
1 Multiplier 1.00 0.68 1.00 0.18 1.00 0.20
Midpoint Multiplier -0.07 0.16 -0.19 -0.05 -0.17 -0.04
MFC B777 
NE MDD MFS B777 MDD Data Not Available
W-E Avg E-W Avg
4 Multiplier -0.17 -0.05
2 Multiplier -0.51 -0.15
0 Multiplier 1.00 0.22
Midpoint Multiplier -0.46 -0.09
MFC B747 MFC B747 MFS B747 MFS B747 
SE MDD SW MDD SE MDD SW MDD
W-E Avg E-W Avg W-E Avg E-W Avg W-E Avg E-W Avg W-E Avg E-W Avg
-3 Multiplier -0.15 -0.03 -0.18 -0.06 N/A -0.22 N/A -0.16
-1 Multiplier -0.54 -0.16 -0.49 -0.19 -0.45 -0.23 -0.44 -0.29
1 Multiplier 1.00 0.20 1.00 0.15 1.00 0.59 1.00 0.44
Midpoint Multiplier -0.30 -0.04 -0.24 -0.10 -0.22 -0.06 -0.29 -0.14
    
6-wheel 6-wheel 6-wheel 


















FS 6-wheel MDD Data Not Available  
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maximum rut caused by the first pass in the West to East direction (0 multiplier for the 6-wheel 
lane and 1 multiplier for the 4-wheel lane). However, the permanent deformation was 15-70% of 
the maximum rut depending the section on the return pass in the East to West direction and the 
heave on the return pass was approximately 30% of the maximum rut (Donovan, 2009). The 
exception to this observation was in the LFS section in the East to West direction where the 
maximum heave was 10-15% of the maximum rut.  This discrepancy could be attributed to the 
combination of a thick P154 layer and the asphalt layer in the LFS section. Donovan (2009) 
showed that the ratios of residuals observed at the critical points could be utilized to produce the 
same rut depths and surface transverse profiles measured by the profilometers in the CC1 tests.   
An example of calculated and measured transverse profiles for CC1 6-wheel MFC section is shown 
in Figure 6.13. 
As can be observed from Figure 6.13, while the calculated surface transverse profiles were 
mostly in agreement with the field measured values, but the field transverse surface profile had a 
wider basin than the ones calculated from MDD residual values. This discrepancy could be because 
the residual transverse surface profile calculated from each pass was influenced by the residual 
profile calculated from the previous pass highlighting the importance of influence of the stress 
history effects on real world pavement deformation behavior under full scale traffic applied with 
wander (Kim, 2005;  Kim and Tutumluer, 2006).  
To incorporate the stress history effects, the expected single pass transverse profile was 
compared to the previously calculated transverse surface profile and it was assumed that, if the 
previous pass resulted in a rut and the current pass was expected to cause a rut in the same position 
but the additional rut caused by the current pass will be less. Similarly, if the previous pass resulted 
in a heave and the current pass was also expected to result in a heave in the same position, then 
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the resulting heave will be less. This assumption was made based on the discrete element modeling 
results that reported the reduction in rut and heave observed when changing directions on the same 
wander position (Donovan, 2009). 
 
 
Figure 6.13:  Comparison of calculated and measured profiles in the 
CC1 MFC section (6-wheel)  
Figure 6.14 presents the calculated surface transverse profile for the MFC 6-wheel lane corrected 
for stress history effects caused by the previous pass. The stress history effect was implemented 
by assuming that if the previous pass resulted in the same type of residual deformation caused by 
the current pass, then the residual deformation due to the current pass was reduced by the current 
pass residual deformation value by a constant reduction factor based on the return pass multipliers 
as presented in Table 6.1. And as presented in Figure 6.14, the implementation of stress history 
effects resulted in more accurate deflection basins, both in terms of magnitude and width of the 
 























calculated at 5,000 calculated at 10,000 calculated at 13,000
measured 5,000 measured 10,000 measured 13,000
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basin. However, the jagged nature of the calculated basins was a result of the rough estimation of 
the effects caused by the previous pass.  Though, this first attempt at using the influence of the 
previous pass on the current one as developed by Donovan (2009) showed great promise, but 
please note that these residual basins were calculated based on the residual deformation values for 
a single pass only which was linearly extrapolated to various number of traffic passes. And the 
accuracy and applicability of using this method can only be validated by using other full-scale 
traffic database.  
 
Figure 6.14. Comparisons of corrected calculations for stress history effects and the 
measured profiles in CC1 MFC section (6-wheel) 
 
6.3.2 Application of stress history based transverse surface profile development approach in 
NAPTF CC5 test sections 
An attempt was made to modify the stress history corrections developed by Donovan 
























calculated at 5,000 calculated at 10,000 calculated at 13,000
measured 5,000 measured 10,000 measured 13,000
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Figure 6.9, and Figure 6.10). The first step in calculating the critical point multipliers involved 
obtaining the relationship between the maximum heave recorded by each pass and the maximum 
rut produced by each pass at the critical MDD locations. Similar to the observations made from 
CC1 and CC3 studies, analyses of CC5 test results as presented in Table 6.2 also demonstrated 
that the maximum heave (-4 multiplier) was approximately 50% of the maximum rut caused by 
the first pass in the West to East direction (-3 multiplier).  The major difference between the 
residual basins calculated for CC5 sections and the CC1 and CC3 sections was in the number of 
critical locations used in developing the residual basin. For CC1 and CC3 sections, the wander 
centerline and MDD centerline did not coincide. Conversely, for CC5 sections, the MDD 
centerline and wander centerline fell on the same location. Hence, the residual deformation basin 
calculated for CC5 test sections had a much shorter width than those of the CC1 and CC3 sections.  
Subsequently, there were four MDD critical locations (wander locations 4, 2, 0, midpoint for 6-
wheel gear and wander locations -3, -1, 1, and the midpoint for 4-wheel gear) according to wander 
positions identified in CC1 and CC3 sections as opposed to the only two (wander position -4 and 
-3) identified in CC5 sections. 
Nonetheless, an effort was undertaken to evaluate the applicability of the stress history 
correction approach to the CC5 sections to predict the transverse surface profiles. As shown in 
Figure 6.15, the underlying principle of applying the stress history correction approach is similar 
to CC1 and CC3 studies where it was assumed that if the previous pass caused the same type of 
residual deformation as the current pass, then the residual deformation by the current pass was 
reduced by multiplying the current pass residual deformation value by a constant reduction factor. 
During this study, the constant reduction factors were always the residual values as observed at 
the critical locations for the return pass i.e. pass that took place in east to west direction (wander 
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position -4 and -3 in the 6-wheel sections) as presented in Table 6.2. Figure 6.16 presents the 
complete flowchart of the stress history based transverse surface profile calculation procedure. 
Table 6.2: Ratios of residual critical point values and the maximum critical point value 
used for calculating transverse surface profile, CC5 Sections 
 
Section LFC3-N W-E 
 
E-W 
-4 Multiplier -0.26 -0.12 
-3 Multiplier 1.00 0.16 
   
Section LFC1-SE W-E E-W 
-4 Multiplier -0.40 -0.10 
-3 Multiplier 1.00 0.21 
   
Section LFC4-S W-E E-W 
-4 Multiplier -0.36 -0.11 







Figure 6.15: The principle behind incorporating the stress history effects 
 
 
Figure 6.16: Flow chart of the transverse surface profile calculation  
with stress history effects 
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Figures 6.17 to 6.19 show the calculated surface transverse profiles for CC5 sections 
LFC3-N, LFC1-SE, and LFC4-S, respectively, with correction factors applied for the previous 
pass. As shown in these figures, by considering the stress history effects, the magnitudes of the 
calculated residual deformations were reduced significantly, and they were much closer to the 
measured values. As expected, the jagged nature of the graphs was the result of the rough 
estimation of the effects of the previous pass. Though the magnitude of the calculated rut profile 
reduced significantly after the constant reduction factor was applied, the presented graphs 
indicate improvements to this method are still needed. One of the limitations of the model was 
that the surface profile was extrapolated linearly from the 66-pass residual basin. The predicted 
profile would probably have matched the nature of the field rut crater more closely if the final 
profile was predicted using graduated influence factors calculated based on the transverse surface 
profiles measured in the field. 
Though the initial attempt at predicting transverse surface profiles proved to be successful 
for CC1 and CC3 test sections, it fell short to compute the surface profiles for CC5 test sections. 
These shortcomings could be attributed to several factors. First and most importantly, as 
mentioned earlier, the locations of the MDD sensors varied among the CC1, CC3 and CC5 on 
the pavement test sections. Even after the wheel lane alignment, the inverted MDD locations 
could not cover the traffic zone completely. This is why the CC5 10-wheel transverse surface 
profiles could not be computed. Also, this probably led to limitations in the calculation of the 
transverse surface profiles for the CC5 6-wheel sections even before the stress history correction 
factors could be applied. In summary, the calculation of transverse surface profile from using 
residual deformation from just a single location of MDD where it coincided with the wander 




Figure 6.17: Comparison of predicted profiles corrected for stress history and field 
measured transverse surface profiles, section LFC3-N (6-wheel) 
 
 
Figure 6.18: Comparison of predicted profiles corrected for stress history and field 
measured transverse surface profiles, section LFC1-SE (6-wheel) 
 
 


















































 Predicted at Pass 5016  Field Measured at Pass 5016
 Predicted at Pass 10560  Field Measured at Pass 10560
 Predicted at Pass 28446  Field Measured at Pass 28446
















































 Predicted at Pass 990  Field Measured at Pass 990
 Predicted at Pass 5148  Field Measured at Pass 5148
 Predicted at Pass 8030  Field Measured at Pass 8030




Figure 6.19: Comparison of predicted profiles corrected for stress history and field 
measured transverse surface profiles, section LFC4-S (6-wheel) 
Also, for CC1 and CC3 test sections there was at least one of the wander locations where 
the wheel load was applied directly over the MDD sensors which clearly led the MDD residual 
deformation values to have more distinctive and clearer pattern i.e. the MDD residual values 
constantly increased with the number of passes (Donovan 2009). On the other hand, for CC5 test 
sections, the wheel loads at all wander locations were applied at an offset distance from the MDD 
sensors. This led to erroneous measurement of MDD sensor records and as a result, many gear 
passes needed to be omitted from the calculation as discussed in Chapter 4.  
 
Chapter 6 discussed a rut prediction technique that considered both the stress history 
effects of previous load applications and the load wander patterns to estimate the transverse 
rutting profile development in airport pavements and was originally developed by using NAPTF 
CC1 and CC3 full-scale accelerated flexible pavement testing database (Donovan, 2009, 
Donovan et al., 2016). However, as mentioned in the previous chapter, the application of this 















































 Predicted at Pass 990  Field Measured at Pass 990
 Predicted at Pass 5016  Field Measured at Pass 5016
 Predicted at Pass 12804  Field Measured at Pass 12804
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method remained very case specific as the developed model showed somewhat limited success 
in determining the transverse surface profiles of the NAPTF Construction Cycle 5 (CC5) full-
scale accelerated flexible pavement test sections. It was observed that while this approach could 
predict the width of the deformation basins of the CC5 test sections to some extent, it could not 
predict the complete transverse surface profiles of the pavement sections due to the complexities 
arising from factors such as random loading sequences, complex landing gear configurations, and 
load wanders. So, despite showing great promise, using the “stress history” approach to do a 
reliable prediction of permanent deformation in airport flexible pavements remains a challenging 
task. Additionally, in all the cases, the transverse surface profiles were calculated for various 
traffic levels from a single 66-passs transverse profile assuming that the growth of permanent 
deformation accumulation over time is linear, which is not true as shown in Chapter 4. So, it is 
clear that a stress history effects based transverse surface profile prediction methodology needs 
to be further modified with proper trends of permanent deformation accumulations incorporated 
in the methodology by utilizing field observed transverse surface profiles measured at various 
passes. To this end, a completely data-driven permanent deformation prediction methodology 
that can take into account the effects of loading applied at various intermediate passes will be 





One of the primary objectives in this study was to develop a surface rut prediction model 
for airport flexible pavements utilizing the NAPTF CC5 accelerated pavement response database.  
Since the traffic in airport pavements do not follow any channelized pattern, the primary 
motivation to develop this surface rut prediction model is to accurately account for the randomness 
associated with the chaotic nature of air traffic i.e. aircraft gear/wheel wanders. In other words, the 
rut prediction model will have to consider the effects of previous load applications or stress history 
effects due to load wander as defined earlier in Chapter 5. An attempt to develop such a stress 
history effects based rut prediction approach was successfully made and the approach was 
employed by the researchers at the University of Illinois at Urbana-Champaign (UIUC) to predict 
the final surface profiles of the CC1 and CC3 pavement test sections subjected to 4-wheel and 6-
wheel gear/wheel loads by utilizing MDD sensor records (Donovan, 2009). However, the major 
limitation of this rut prediction model was that MDD sensor records at certain critical locations 
were used only without utilizing any field observed rut measurements, as discussed in Chapter 6. 
Further, there was a major difference between the sensor layouts used in CC1 and CC3 studies; 
MDD sensor locations did not coincide with the wander centerline.  Whereas, in CC5 test sections, 
MDD sensors were placed along the wander centerline which naturally resulted in complexities to 
calculate the “pseudo” surface transverse profiles from MDD sensor residual values, as discussed 
in Chapter 6. As a natural outcome of the sensor layouts in the CC5 experiments, the stress history 
based approach showed limited success when applied to CC5 test sections.  
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There is a need to develop a data-driven rut prediction model that utilizes both the 
dynamic response database and the periodic field transverse surface profiles of CC5 test sections 
and considers nonlinear regression type statistical analyses. This chapter will present a thorough 
discussion about the methodology developed in this study using the CC5 pavement response 
database. Additionally, the proposed methodology will also be applied to certain selected NAPTF 
CC1 test sections to validate and demonstrate the applicability of the method. 
  
Since the NAPTF CC5 database included both the MDD sensors, i.e. dynamic response 
database, and the transverse surface profiles collected in the field during various stages of 
trafficking, the idea behind developing the rut prediction model was to combine both the dynamic 
response database and the field collected transverse surface profiles to develop a reliable rut 
prediction approach that will enable the designers to accurately predict future deformation trends 
of airport pavements under real world traffic loading. To this end, a three-step rut prediction model 
was developed in this study. The first step in the development of the model was to properly 
characterize the surface profiles calculated using MDD residual deformation values at critical 
locations, such as those discussed in Chapter 6. The next step in the analysis was to define the 
relationship between the MDD calculated surface profiles and the surface deformations measured 
in the field. The last stage was to accurately identify the transverse surface deformation trends of 
the selected sections at different numbers of traffic passes. All the three stages mentioned above 
utilized nonlinear regression analyses in various forms of general linear or regression models 
(linear, power law, sigmoidal, and polynomials) to determine the relationships among the model 
variables. A general linear model (GLM) relates a response variable which in this case is the rut 
depth at a certain location for a specific pass number to a set of explanatory variables which are 
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the location of the pavement and the pass number. For example, assuming to predict a response 
variable (yn) from a set of input values (xn), a classic linear model can be expressed as follows:   
𝑦𝑦𝑛𝑛 = 𝑎𝑎𝑛𝑛𝑥𝑥𝑛𝑛 +∊𝑛𝑛 Equation 7.1 
where 
yn = dependent response variable; 
xn= independent variable; 
εn= normally distributed error, where each error has an equal variance (σ2) and mean 0; and 
an= model parameter to be determined. 
  In this study, the parameters of the GLMs were estimated using maximum likelihood 
estimation or MLE method. MLE method, with given observed data, can estimate the parameter 
of a model by finding the values that maximize the likelihood function. In other words, the MLE 
is a method where a sample dataset can be used to determine the parameters of the probability 
distribution that produced the sample. Generally, it is expressed by the following equation: 






                
Equation 7.2 basically means the likelihood of having the parameters, i.e., means and variance, 
given in a sample data. In this study, all the regression analyses with MLE were done using the 
“Scikit-Learn” library in Python 2.7. These variables along with the regression models employed 
to develop the rut prediction framework will be explained in detail in the following subsections.   
7.2.1 Data processing: MDD surface profiles at various stages of traffic 
The first step in predicting the surface deformations from the MDD sensor records was to 
process the collected MDD time history data or the loading pulse for each traffic pass into 
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individual layer residual deformations. The details about calculating individual layer residual 
deformations from the MDD database and predicting transverse surface profiles using only the 
critical MDD locations was discussed in detail in Chapters 4 and 6. Nonetheless, the following 
paragraphs will give a brief overview of the procedure with a brief overview. 
 As mentioned in Chapter 4, the residual deformation values for different number of passes 
can be combined into 66-pass wander pattern to evaluate the influence of wander position and 
wander sequence on the residual response values. The residual deformation data separated into 66-
pass wander pattern are shown in Figure 7.1 a and 7.1 b as individual lines for the DGA subbase 
course of Section LFC3-N for West to East and East to West traffic direction, respectively. The 
directional effects of the traffic wanders are clearly visible in these figures as the residual 
deformation values for East to West direction was always smaller than those of the ones seen for 
West to East direction. Also, in every instance traffic in the West to East direction on wander 
position -3 produces the maximum downward residual deformation, which correlates with the 
position where a wheel is close to the MDD centerline. The second closest wheel load at wander 
position 2 produces consistent downward residual deformations. All the other wander positions 
result in various amounts of rut or heave.  
Once the residual values were divided into 66-pass wander pattern, a “standard” residual 
deformation basin could be easily predicted by using the values at the critical wander locations. 
The critical locations chosen in this study are wander position -3 (maximum downward residual 
value) and wander position -4 (maximum upward residual value) (see Figure 7.2). The details 
about utilizing critical locations to develop a 66-pass residual deformation basin can also be found 










Figure 7.1: Example of residual response data over 66-pass wander pattern and wander 
sequence for DGA layer, section LFC3-N, 
(a) west to east direction, (b) east to west direction 
 
 











 Sequence 5Sequence 4 Sequence 3 Sequence 2  Sequence 1
 66 Pass@67  66 Pass@1189  66 Pass@2047























Wander Position, West to East 











 66 Pass@67  66 Pass@1189  66 Pass@2047





















Wander Position, East to West 




Figure 7.2: Critical wander locations used for transverse profile creation 
By knowing the locations of the gear wheels for each wander position and the number of 
times those wander positions are trafficked, the final shape of a 66-pass transverse profile can be 
calculated by simply adding the “standard” transverse profiles at different stages of traffic as 
shown in Figure 7.3 a for section LFC3-N. Figure 7.3 b shows corresponding field observed 
profiles for the same section. One thing to note here is that two different types of profilometers (21 
ft and 30 ft) were employed to measure the surface deformation profiles in field for section LFC3-
N, as discussed in Chapter 5. And, only the image files for the first 5,000 passes were available 
but not the collected data files. Hence, transverse surface deformation profiles till 5,000 passes 
were reproduced manually in this study from those image files. Similar information is presented 










Figure 7.3: a) The 66-pass residual deformation basin calculated from MDD sensor values 
at various number of passes, and b) the corresponding field observed rut depths used for 
model development, section LFC3-N 
 
 















































































Figure 7.4: a) The 66-pass residual deformation basin calculated from MDD sensor values 
at various number of passes, and b) the corresponding field observed rut depths used for 

















































































Figure 7.5:  a) The 66-pass residual deformation basin calculated from MDD sensor values 
at various number of passes, and b) the corresponding field observed rut depths used for 
model development, section LFC4-S 
 
 










































































As the residual deformation graphs in Figure 7.3, Figure 7.4, and Figure 7.5 suggest, the 
MDD calculated transverse surface basin was a function of wander location and pass number. 
Subsequently, the MDD deformation basins at different stages of traffic were modeled as a 
quadratic function. A quadratic function is of the form of f(x) = ax2 + bx + c, where a, b, and c are 
non-zero numbers and can create a U-shaped parabola in either an upward or a downward form. 
Equation 7.3 represents the function used to characterize the MDD deformation basins as quadratic 
functions. 




where a0, a1, a2, a3, a4 and a5 are the regression parameters. 
Table 7.1 presents the regression parameters computed to model the MDD deformation 
profiles as quadratic functions. The coefficient of determination, denoted as R2, values represent 
the goodness of the fit of the quadratic model. As can be seen in Table 7.1, Field-MDD quadratic 
model for all the sections had high R2 values ranging from 83% to 89%.  




R2 = 84.45% 
Section LFC3-N 
 R2 = 89.14% 
Section LFC4-S 
R2 = 83.2% 
a0 2.92 4.71 3.04 
a1 -3.78x10-2 -6.03x10-2 -3.89x10-2 
a2 -1.61x10-5 2.21x10-5 4.99x10-6 
a3 9.65x10-5 1.56x10-4 9.92x10-5 
a4 2.57x10-8 1.54x10-8 5.59x10-8 
a5 -3.43x10-11 -4.08x10-10 -3.99x10-9 
 
7.2.2 Field-MDD combination model 
Once the quadratic nature of MDD predicted transverse surface profiles for different pass 
numbers and wander locations were established, the next step in the analyses was to develop the 
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relationships between the MDD predicted and field observed transverse surface profiles. This was 
achieved by using the General Linear Model (GLM) with nonlinear regression analyses. GLM is 
a powerful tool to predict a dependent or response variable from one or more independent, 
predictor, or explanatory variables. To establish the Field-MDD combination model, first, all the 
MDD sensor residual values and their corresponding field observed deformation values were 
graphed as a scatter plot for all number of available passes. Figure 7.6 presents an example scatter 
plot for pass number 3,432 of section LFC1-SE.  Please note that MDD deformation values were 
calculated at every 0.25 inches on the pavement while the field transverse surface profiles were 
measured at every 0.984 inches. So, naturally it resulted in MDD sensor values at more locations 
than the field values. Accordingly, while plotting the scatter plots to relate field and MDD sensor 
deformation values for a certain MDD sensor value at a specific location on the pavement, the 
field deformation value at the closest location was selected.  
 
Figure 7.6: An example of the relationship between section LFC-SE field and MDD sensor 
values for Pass=3,432 
According to the scatter plot in Figure 7.6, almost a linear relationship exists between the 
sensor and field values for a specific pass number at every location of the pavement as presented 








in Equation 7.4. Similar plots generated for other sections and numbers of passes are presented in 
Appendix B.  
Field deformation values = 𝑏𝑏0𝑥𝑥 MDD sensor deformation values  Equation 7.4 
where 
Field deformation values = Transverse surface profiler (TSP) measured observations in the field; 
MDD sensor deformation values = Deformation values calculated from MDD sensors using the 
critical wander locations; and 
 
b0= Regression parameters which will vary with traffic (see Table 7.2). 
Based on their basic nature, nonlinear regression models can be grouped into families such 
as power, sigmoidal, exponential, polynomial models, etc. (Ratkowsky and Giles, 1990). Among 
these available models, two particular models, namely, the power and the sigmoidal were used in 
this study to develop the rut prediction models. The following subsections will discuss the details 
about utilizing these two models to characterize the relationships between                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
field and MDD sensor values at various traffic passes. 
Table 7.2: Summary of the regression parameter, bo calculated for all available passes and 









66 0.2149 0.1272 1.0837 
198 -- -- 1.5921 
264 1.0067 0.5997 1.6956 
660  -- 2.4041 
2,178 2.6942 -- -- 
2,244 -- 1.6059 -- 
2,508 -- -- 3.6167 
2,904 3.0254 -- -- 
3,036   3.5265 
3,432 3.1598 -- -- 
3,564 -- 1.6826 3.5612 
4,686 -- -- 3.7162 
6,072 -- 1.9449 -- 
                                                -- indicates pass data not available. 
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7.2.2.1 Power Model 
Power model has always been a popular choice to characterize flexible pavement 
deterioration behavior (Ercisl, 2015) and was used in the form of Equation 7.5 in this study to 
characterize the power law behavioral trend of bo, the regression parameter for field-MDD linear 
relationship with traffic progression.  




b0 = regression parameter for Field-MDD linear relationship given in Equation 7.4 that will vary 
depending on pass number; and 
do and d1 = regression parameters for power model. 
7.2.2.2 Sigmoidal Model 
The use of a sigmoidal function is often quite powerful for modeling pavement 
deterioration because of its ability to accommodate any boundary conditions and incorporate 
model parameters (Ratkowsky and Giles, 1990; Ercisl, 2015). So, besides implementing the power 
model, this study also incorporated a sigmoidal function as it could characterize the deterioration 
of a pavement section in a variety of shapes such as s-shaped, concave, convex, or almost linear. 
Numerous studies have proposed various forms and adaptations of nonlinear sigmoidal curves, 
most of which have the similar underlying theoretical basis, i.e., it will start at a fixed point and 
after reaching an inflection point the curve will have a decreased slope to approach asymptotically 
to a final value. The most common sigmoidal curve is the logistic function and Equation 7.6 
presents a cumulative distribution function of a logistic distribution (Ercisl, 2015). 











a = the parameter that defines the shape of the sigmoid; 
m = the parameter that controls the time of the maximum growth; 
s = the parameter that governs the growth rate; and 
t = time parameter.  
In this study, based on the bo distribution, the following modified adaptation of sigmoidal 
curve was used as given below in Equation 7.7. 
𝑀𝑀𝑀𝑀𝑑𝑑𝑝𝑝𝑀𝑀 2 , 𝑏𝑏𝑜𝑜 =
𝑑𝑑𝑜𝑜
1 + 𝑝𝑝(−𝑑𝑑1𝑥𝑥𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠)
 Equation 7.7 
 
where  
b0 = regression parameter for field-MDD linear relationship as given in Equation 7.4; and 
do and d1 = regression parameters for sigmoidal model. 
Figure 7.7 presents the regression parameter bo characterized with the progression of 
traffic utilizing both power law and sigmoidal models for all the sections.  Once both power 
model and sigmoidal function were established, the remaining task was to utilize these models 
to predict the surface profiles of the selected test sections at different stages of traffic. Figure 











Figure 7.7: Progression of regression parameter bo with traffic 
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Figure 7.8: Flowchart for all the steps to predict the field rut depth surface profiles 
 
Once all the steps were properly identified and developed as presented in Figure 7.8, the 
surface rut profiles at various stages of traffic were calculated. The prediction framework works is 
such that for a certain pass number and location, it will first determine the MDD rut values utilizing 
the quadratic function as shown in Equation 7.2. Then, for the same pass number, regression 
parameter bo for field-MDD linear relationship is computed utilizing either power law or sigmoidal 
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model. Once the MDD rut values and b0 values are determined, the field deformation values then 
can be calculated by using Equation 7.2. The following subsections present the field rut prediction 
results for the selected CC5 test sections.  
7.3.1 Section LFC3-N 
For section LFC3-N, there were 5 MDD calculated residual deformation basins available 
for up to 6,072 passes. Figure 7.9 and Figure 7.10 present the transverse surface profiles calculated 
utilizing both sigmoidal and power models, respectively. As can be observed, up until 5,000 
passes, both models gave reasonable estimates of the rut depths. This was expected since both field 
and MDD created surface deformation basins for up to 6,000 passes were used to develop the 
models. The predicted surface rut depths were validated for up to 28,446 passes. Up until around 
15,000 passes, both models showed realistic predictions but at higher pass numbers such as after 
20,064 passes, the sigmoidal prediction gave more accurate estimates than the power model 
predictions. At higher passes, the power model mostly overestimated the rut depths. The reason 
why the power model over predicted the surface rut depths was probably due to the fact that power 
model does not really converge, and with increasing number traffic passes, the surface rut depth 
variable was also raised to a power. However, as mentioned earlier, the sigmoidal function has an 
inflection point which is why it can capture the different deterioration rates throughout the 
pavement life. Hence the sigmoidal model could predict the rut depths accurately even at a very 
high number of passes. 
Figure 7.11 shows a comparison between the highest rut depths predicted using both the 
power and sigmoidal models and the measured rut profiles in the field. As mentioned earlier, the 
power model overestimated the rut depths. Moreover, Figure 7.11 demonstrates that until 2,500 
passes, the rut accumulation rate observed in the field for section LFC3-N put the pavement 
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deformation behavior in the primary region. After 2,500 passes, the rate of deformations increased 
gradually indicating a secondary region. It seems that the pavement deformations entered the 
tertiary region at around 18,000 passes after the wheel loading was increased. Also, please note 
that FAA changed the profilometer from 21 ft to 30 ft after 5,000 passes were completed, as 
discussed in detail in Chapter 5. Subsequently, the rutting curve was smoothened to mitigate the 
sudden and abrupt increase in rut accumulations due to the change of profilometers.   
 
Figure 7.9: Predicted surface rut profiles using sigmoidal model, section LFC3-N 
 
Figure 7.10: Predicted surface rut profiles using power model, section LFC3-N 
 




































































Figure 7.11: Comparison of observed and predicted highest rut amounts 
 with traffic passes, section LFC3-N 
 
To further evaluate the efficiency of the prediction approach, the differences between the 
observed and predicted highest rut values were calculated and visualized through box plots for the 
range of error. Figure 7.12 shows the components of a typical box plot diagram. Figure 7.13 and 
Figure 7.14 present the error ranges calculated for section LFC3-N using sigmoidal model and 
power model, respectively. 
 
Figure 7.12: A typical box plot diagram 
 



























Figure 7.13: Range of error calculated for section LFC3-N, sigmoidal model 
 
  
Figure 7.14: Range of error calculated for section LFC3-N, power model 
As can be seen in Figure 7.13, highest predicted value using the sigmoidal model did not 
differ significantly from the one observed in the field.  Typically, 25% to 75% of the error 


























































Error = Observed Value-Predicted Value (Power)
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0.22 in. and -0.4 in., respectively. On the other hand, for the power model, though 25% to 75% of 
the error fell between 1 in. and -0.25 in., the range of error was much broader than that calculated 
by the sigmoidal model.  This is expected because as mentioned earlier, the power model predicted 
rut depths were higher than the field measured ones, especially at greater number of passes. Hence, 
the overall error range distribution also became large.  
7.3.2 Section LFC4-S 
Section LFC4-S had eight MDD calculated residual deformation basins available for up to 
4,686 passes. As demonstrated in Figure 7.15 and Figure 7.16, LFC4-S section also showed similar 
trends like LFC3-N where both sigmoidal and power model predictions were comparable till 
12,000 passes. However, at higher traffic the sigmoidal predictions were much more accurate than 
those by the power model. The highest rut depth observed in the field was around 7.5 in. after 
19,536 passes were completed.  At the same traffic level, the sigmoidal model prediction was 
around 6.6 in. which was comparable. But the power model prediction for the same number of 
passes was around 12.2 in.  
Figure 7.17 shows a comparison between the highest rut depths predicted using both the 
power and sigmoidal models and the measured surface profiles in the field. Again, note that FAA 
changed the profilometer from 30 ft to 66 ft after 12,000 passes were completed, as discussed in 
detail in Chapter 5. And like the previous section LFC3-N, the change of profilometer resulted in 
a sudden and abrupt increase in rut depths. Subsequently, the rut accumulations of section LFC4-
S were smoothened to mitigate the use of different profiler (30-ft and 66-ft). Moreover, the steeper 
slope of rut accumulation values indicates that the pavement deformation trends were in primary 





Figure 7.15: Predicted surface rut profiles using sigmoidal model, section LFC4-S 
 
  




































































Figure 7.17: Comparison of observed and predicted highest rut amounts 
 with traffic passes, section LFC4-S                                                                                                                                                                                                                                                                                                                                                                                                                                               
 
  
               Figure 7.18: Range of error calculated for section LFC4-S, sigmoidal model 
According to Figure 7.18, the highest predicted rut value from the sigmoidal model did not 
differ much from the ones observed in the field. Typically, 25% to 75% of the error distribution 
ranged between 0.3 in. to -0.25 in. while the maximum and minimum errors were 1.25 in. and -























































0.75 in., respectively, with a median of 0.1 in. and a few outliers. On the other hand, for the power 
model, 25% to 75% of the error fell between 3.0 in. and -0.50 in. (Figure 7.19). Also, the range of 
error was much broader with outliers than that calculated by the sigmoidal model.  This is expected 
because as mentioned earlier, the power model predicted rut depths were higher than the field 
measured ones, especially at higher number of passes. Hence, the overall error range distribution 
was also large.  
 
Figure 7.19: Range of error calculated for section LFC4-S, power model 
 
7.3.3 Section LFC1-SE 
For both the power and the sigmoidal models, the predictions of section LFC1-SE are rather 
poorer than those of sections LFC3-N and LFC4-S (Figure 7.20 and Figure 7.21). This happened 
since only a limited number of surface profiles calculated from MDD residual response values 
were available for the analyses (Figure 7.4). The quadratic MDD model was developed using 
surface transverse profiles up to a pass number of 3,432. So, the relationships between the field 

































Error = Observed Value-Predicted Value (Power)
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prediction model developed with such limited information failed to predict accurate field 
deformations.  Figure 7.22 also demonstrates that the predictions were much lower than the highest 
rut depths measured in the field. Similar observations can be made from the error distribution 
diagrams presented in Figure 7.23 and Figure 7.24. Also, the field observed rutting trends were 
mostly in the tertiary stage where permanent strains accumulated rapidly with an increasing rate 
until failure (Figure 7.22). This could be due to the fact that section LFC1-SE could never stabilize 
enough to enter the secondary stage due to anti-shakedown taking place in the unbound layers 
because of wander and heavy wheel loads applied from the very beginning. 
 
Figure 7.20: Predicted surface rut profiles using sigmoidal model, section LFC1-SE 
 
Figure 7.21: Predicted surface rut profiles using power model, section LFC1-SE 
 
































































Figure 7.22: Comparison of observed and predicted highest rut amounts  
with traffic pass, section LFC1-SE 
 
 
Figure 7.23: Range of error calculated for section LFC1-SE, sigmoidal model 
 
















































Figure 7.24: Range of error calculated for section LFC1-SE, power model 
 
In all the sections discussed above, it was also observed that the highest dip of the MDD 
calculated rut crater was assumed to be at the wander centerline. But the pavement surface in the 
field was not completely flat and smooth in the beginning of trafficking. Hence, the highest dip in 
the predicted surface rut profiles did not completely match with the locations where the highest rut 
crater formed in the field for all the sections. 
 
The rut prediction model was developed utilizing three sections from the construction cycle 
5 (CC5) database. To further evaluate the applicability of this approach, two more pavement test 
sections from construction cycle 1 (CC1) database were selected as case studies. These are CC1 
LFC and MFC sections, both of which were trafficked by a 6-wheel landing gear. Figure 7.25 
shows the layer configurations of the selected CC1 sections. More details about these CC1 sections 



























Figure 7.25: Layer configurations of the selected CC1 sections 
 
7.4.1 Case studies CC1: section LFC and section MFC 
Figure 7.26 presents the 66-pass MDD residual deformation basins calculated at various 
stages of traffic along with their corresponding field measured surface transverse profiles for CC1 
section LFC. As previously mentioned in Chapter 6, MDD sensor layouts were different for the 
CC1 and CC5 test series. Subsequently, the 66-pass MDD residual deformation basins were 
different for CC1 test series in terms of the basin width and shape than those of the CC5 test series. 
Similar information is presented in Figure 7.27 for CC1 section MFC. 
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Figure 7.26: The 66-pass residual deformation basin calculated from MDD sensor values at 
various number of passes, and b) the corresponding field observed rut depths used for 
model development, CC1 section LFC 
  
Figure 7.27: The 66-pass residual deformation basin calculated from MDD sensor values at 
various number of passes, and b) the corresponding field observed rut depths used for 
model development, CC1 section MFC 
As mentioned earlier, the next step in predicting field rut deformation values is to model 
the MDD transverse surface profiles shown in Figures 7.26 and 7.27 as a function of the pass 
number and the location of the pavement. A quadratic function is of the form of f(x) = ax2 + bx + 
c, where a, b, and c are non-zero numbers and can create a U-shaped parabola in either an upward 
or a downward form. However, the quadratic function used to model CC5 MDD transverse surface 
profiles sections as shown in Equation 7.3 resulted in overfitting of the CC1 MDD transverse 




























































































surface profiles. To avoid this from happening again, the quadratic function as described in 
Equation 7.8 used to model the CC1 MDD surface transverse profiles. 
MDD deformation basin = a0+a1*(Location)+a2*Pass+ a3*(Location)2 Equation 7.8 
where a0, a1, a2, and a3 are the regression parameters and Table 7.3 presents these regression 
parameters computed to model the MDD deformation profiles as quadratic functions. Note that 
coefficient of determination, R2 value for section MFC is poorer compared to that of section LFC. 
This could be due to the fact that section MFC only had 3 MDD surface transverse profiles. Also, 
the MDD deformation values did not change significantly with increasing traffic passes. As a 
result, the developed quadratic model had a low the R2 value for section MFC. Furthermore, like 
CC5 sections, an almost linear relationship also existed between the sensor and field values for a 
specific pass number at every location of the pavement as shown in Figure 7.28. And Table 7.4 
presents the regression parameter, bo which will differ depending on the pass number. 
Table 7.3: Regression parameters for the quadratic MDD deformation basin 
Regression parameter CC1 Section LFC R2 = 91.96% CC1 Section MFC R2 = 79.95% 
a0 2.21 0.87 
a1 -1.94X10-2 -1.21X10-1 
a2 -1.26x10-5 -2.11x10-5 
a3 3.94x10-5 3.48x10-3 
 
 
Figure 7.28: An example of the relationship between CC1 section LFC field and  
MDD sensor values for Pass=5,594









Table 7.4: Summary of the regression parameter, bo calculated for  




CC1 Section LFC CC1 Section MFC 
661 -- 3.203 
1,442 0.799 -- 
1,622 -- 3.857 
2,164 1.472 -- 
3,034 -- 4.07 
4,998 1.858 -- 
5,594 1.877 -- 
8,068 2.708 -- 
                                                        --indicates pass data not available. 
 
After the MDD sensor deformations at various stages of traffic were determined, in other 
words, the MDD transverse surface profiles were modeled as quadratic functions and all the 
necessary regression parameters presented in Table 7.3 and 7.4 were computed, the next step in 
the analysis was to establish the relationships between the sensor values and field deformations for 
all the available passes (Figure 7.29 and Figure 7.30). This was achieved using both the power and 
sigmoidal models as established in Equations 7.5 and 7.7. 
  




CC1 Section LFC,  
Power Law 
𝑏𝑏𝑜𝑜 = 0.0108𝑥𝑥𝑃𝑃𝑎𝑎𝑝𝑝𝑝𝑝0.6027 









Figure 7.30: Progression of regression parameter bo with traffic, CC1 section MFC 
Then, the remaining step in the analysis was to predict the surface transverse profiles for 
the CC1 sections using both sigmoidal and power models for various passes and pavement 
locations. Figure 7.31 a and b present the surface transverse profiles predicted by sigmoidal and 
power models, respectively, for the selected LFC test sections from CC1 database. As can be seen, 
the power model predicted rut basins followed the field measured rut basins very closely up to 
20,000 passes. On the other hand, the sigmoidal model gave reliable predictions until 15,000 
passes. But as mentioned earlier, the sigmoidal function has an inflection point after which the 
curve has a decreased slope to approach asymptotically to a final value, so, at higher passes, such 
as 20,000, the model predicted lower rut accumulations than those measured in the field. This 
phenomenon is evident in Figure 7.32 where the predicted highest rut depths were compared with 
the field measured values. Unlike CC5 sections, the rut depths predicted for CC1 LFC section were 
much more zigzag and jagged in nature with respect to pavement location. But they did not have 
any abrupt changes in slope as traffic progressed. This occurred probably because the same 
profilometer was used to measure the field transverse surface profiles for CC1 test series 
throughout the testing period. Note that this was not the case for CC5 sections. Figure 7.33 a and 
b demonstrate the range of error distributions between the observed and measured highest rut 





 𝑏𝑏𝑜𝑜 = 1.137𝑥𝑥𝑃𝑃𝑎𝑎𝑝𝑝𝑝𝑝0.1612 




depths in CC1 section LFC. As expected, predictions by the power law model showed narrower 
error margin than that of the sigmoidal one. 
  
Figure 7.31: Predicted surface rut profiles CC1 section LFC, a) sigmoidal and b) power  
 
Figure 7.32: Comparison of observed and predicted highest rut amounts with traffic 
passes, CC1 section LFC 
  








































































Figure 7.33: Range of error calculated for CC1 section LFC a) sigmoidal and b) power 
On the other hand, the predictions of section MFC are rather poorer than those of LFC 
section (Figure 7.34). Especially, the sigmoidal model predictions were lower than the field 
measured values (Figure 7.34 a, Figure 7.35, and Figure 7.36 a).  
  
Figure 7.34: Predicted surface rut profiles CC1 section MFC a) sigmoidal and b) power 
Though, the highest rut depths were reasonably predicted by the power model (Figure 7.35 
and Figure 7.36 b), the width of the predicted basins by both models were somewhat off for section 
MFC. This probably happened since only a limited number of surface profiles calculated from 
MDD residual response values were available for the analyses (see Figure 7.27). The quadratic 
MDD model was developed using surface transverse profiles up to pass number 3,034. The 




































Error = Observed Value-Predicted Value (Power)




























































profiles only. Hence, the rut prediction model developed with such limited information failed to 
accurately predict the width of the field deformations. 
 
Figure 7.35: Comparison of observed and predicted highest rut amounts  















































































The proposed framework uses both the dynamic response data from the multi-depth 
deflectometer (MDD) database and the field transverse rut profiles measured at various stages of 
traffic. The first step in predicting the surface deformations from the MDD sensor records was to 
process the collected MDD time history data or the loading pulse for each traffic pass into 
individual layer residual deformations. This initial step in this process involved doing a rigorous 
and thorough data cleaning by a going through the MDD sensor records for each and individual 
pass (each selected section contained at least 3,500 passes) and omitting the ones where the bottom 
pavement layers did not show decreasing deformation values than those of the top layers.  
After the MDD database was cleaned, they were further processed to develop theoretical 
transverse rut basins similar to the contours of the field measured profiles for various number of 
passes using only two critical wander positions. This step was partially based on the framework of 
previously developed in NAPTF CC1 and CC3 test studies. Once the transverse surface profiles 
at various stages of traffic were established, another round of data cleaning was performed to 
exclude the ones that did not have increasing surface deformation profiles with traffic passes. 
 Then, a quadratic model was established based on the MDD calculated theoretical 
transverse rut basins and using general linear models, and the relationships between the MDD and 
field transverse rut profiles were developed. The general linear model uses nonlinear regression 
analyses with parameters calculated by using either a power law or sigmoidal function. The 
proposed framework is completely data driven to more accurately estimate realistic permanent 
deformations of future pavement test sections by simply collecting residual deformation data from 
a few thousands of initial trafficking load cycles. 
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In summary, it was observed that the relationship between the MDD derived transverse 
surface profiles and field measured surface profiles could be established using either power or 
sigmoidal function based on a set of parameters (b0  ̧regression parameter for field-MDD linear 
relationship that will vary depending on pass number). Since the purpose of NAPTF is to generate 
full-scale pavement response database, this methodology can be further expanded for future 
construction cycles to develop more advanced models that can use transfer learning function to 
predict field deformation directly from the multi-depth deflectometer database. One way to achieve 
this is through using Bayesian regression analysis to determine a distribution of the possible model 
parameters rather than computing only point estimates. Future predictions can be made by 
integrating over the calculated distributions of possible parameters. Bayesian regression analysis 
starts out with initial estimates or prior about a possible outcome from previously conducted 
studies, and as more full-scale accelerated pavement testing data are collected, the priors will 
change to incorporate new evidence into the already developed model. If an MDD-field 
relationship database is ultimately formed, the priors from the already established database can be 
used to determine the future predictions for a section that was trafficked with a limited number of 
passes. In other words, the limited number of response data collected from a new section will be 
enough to draw reasonable posterior estimates based on the prior distributions established using 
previous full-scale test sections. 
 
1. The most challenging part of the rut prediction model development in this study was 
finding realistic and accurate MDD sensor data for a substantial number of traffic 
passes. According to a recently published report, almost 45% of the pavement traffic 
response data was not recorded in the case of CC5 experiments at NAPTF (ARA, 
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2018). There were also several instances where the traffic pass and the sequence 
numbers were not correctly recorded. This resulted in many trial and error calculations 
of MDD transverse surface profiles to ensure that MDD calculated surface profiles 
fully developed with increasing traffic passes. Nonetheless, even with such limited 
readily available data, the presented relationships between MDD and field data were 
successfully developed to predict rut depths at higher number of traffic passes in this 
chapter.  
2. A sigmoidal model performed better in CC5 sections than the power model developed. 
On the other hand, power model predictions were better for CC1 sections. This could 
be attributed to the fact that the rut accumulation rates in CC1 sections were higher than 
those of the CC5 sections. Also, note that FAA employed 3 different types of 
profilometers to measure the surface rut transverse profiles in CC5 sections. Naturally, 
the change of profilometers in the middle of trafficking period resulted in sudden and 
abrupt changes in rut depths which could not be accounted for by the rut prediction 
models because all the transverse surface profiles utilized to develop the models were 
measured with a different profilometer. The only CC5 section that was monitored with 
only one profilometer was LFC1-SE. However, due to lack of enough MDD data both 
power and sigmoidal model predictions for section LFC1-SE was rather poor. To 
further improve the applicability of the current framework, it is imperative that 
inconsistencies in terms of data collection need to be avoided in future full-scale 
accelerated pavement testing cycles. 
3. CC1 test sections differed significantly from CC5 test sections in terms of layer 
configurations, applied wheel load, and sensor layouts. Loading in CC1 test sections 
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were kept at 45,000 lbs./per wheel for up to 20,000 passes, while CC5 test sections 
were trafficked at various wheel load magnitudes in rather short traffic passes. But it 
was observed that the rut accumulation rates were much higher and zigzagged in nature 
for CC1 sections than the CC5 test sections. In events, where pavement sections are 
expected to deteriorate quickly, a power model is expected to more accurately 
determine the future deformation values. However, if the wheel loading is increased 
intermittently like in the case of CC5 test sections, a sigmoidal model will likely 
perform better to capture the changes in rut accumulation rates.  
4. The rut prediction framework developed in this thesis study is based on properly 
establishing the relationship between the MDD calculated surface profiles and the field 
measured profiles at various stages of traffic. However, the relationships were 
established for a limited number of available traffic passes. And as observed, the 
predictions for some sections performed better than the others depending on the number 
of passes.  In other words, the predictions were much accurate for cases where a 
substantial number of passes were available. As FAA continues to conduct more cycles 
of full scale accelerated testing on instrumented test sections at NAPTF, a database can 
be developed to establish MDD and field data relationships for different types of 
pavement sections trafficked with different landing gears and configurations. So, in 
future, in absence of field collected transverse surface profiles, conclusions can be 
drawn from the collected MDD response data for the first few hundreds of wander 
cycles.  
5. In this study, all the regression parameters were computed with maximum likelihood 
estimations (MLE). As previously mentioned, the principal of MLE is to determine 
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point parameters that will maximize the likelihood of obtaining the sample data and 
then using that particular set of parameters to make future predictions. One of the 
advantages of MLE that it has an asymptotic property and with more data points, the 
estimate will converge faster towards population parameter. Other techniques such as 
Bayesian regression analysis can also be utilized to determine a distribution of the 
possible model parameters rather than computing only point estimates and future 
predictions can be made by integrating over the calculated distributions of possible 
parameters. In essence, Bayesian regression analysis starts out with initial estimates or 
prior about a possible outcome from previously conducted studies, and as more full-
scale accelerated pavement testing data are collected, the priors will change to 
incorporate new evidence into the already developed model. If an MDD-field 
relationship database is ultimately formed, the priors from the already established 
database can be used to determine the future predictions for a section that was trafficked 
with a very limited number of passes. In other words, the limited number of response 
data collected from a new section will be sufficient to draw reasonable posterior 
estimates based on the prior distributions established using previous full-scale test 
sections.   
 
Lastly, an attempt was made to relate the measured rutting accumulation trends in the 
crushed quarry screening subbase section to MDD determined resilient or rebound response and 
to the material properties. Figure 7.37 a and b present the rebound deformations measured for 
crushed quarry screening materials used in section for wander position 0 and wander position -3, 
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respectively. Please note wander position 0 was chosen because it included all wander sequences 
and wander position -3 was selected because it had a wheel load applied closest to the MDD line.  
 
Figure 7.37: Rebound deformation in crushed quarry screening, section LFC1-SE, 6-wheel, 
 a) wander position 0 and b) wander position -3 
As can be seen in Figure 7.37, the rebound values were primarily contractive in nature and 
increased with traffic for both cases. This behavior is most likely a result of pavement layers 
heaving and the continuous rearrangement of the particles due to the wheel loads applied not 
directly over the MDD location but at an offset from it. This finding supports the observations 
made earlier in Chapter 4 where the residual deformations also increased probably as a result of 
anti-shakedown happening in the granular layers. The initial 1,000 passes saw a steeper rate in the 
increase of rebound deformation that slowed down gradually as the traffic progressed. 
Figure 7.38 shows the subbase and total surface permanent deformations calculated from 
the MDD data for the same section. Similar to the rebound deformation accumulation trends, the 
rate of permanent deformation accumulations for subbase layer obtained from the MDD sensor 
data also increased and exhibited a steeper rate for the initial 1,000 passes. Also, the contributions 
to rutting from the subbase layers were significant when compared to those from the other layers. 
This trend is supported by the findings from previous full-scale pavement studies (Gopalakrishnan, 












Similar to the rutting trends shown earlier in Figure 7.22, the crushed quarry screening 
material showed a steep rut accumulation rate. The crushed quarry screening material for section 
LFC1-SE was compacted at 91.5% with a field dry density of 118 pcf and at a moisture content of 
2.5% (see Chapter 3). Please note that the permanent deformation data from the MDD sensor were 
available for the first 4,000 passes only.  
 
Figure 7.38: Permanent deformation accumulations from MDD sensor,  
LFC1-SE section, 34 in subbase 6-wheel 
On the other hand, Figure 7.39 shows the subbase permanent deformations calculated from 
the MDD data for section LFC3-N that was constructed with a 38 in DGA subbase. Please note 
that the total surface deformations collected by the MDD sensor was not available for section 
LFC3-N. As discussed earlier in Chapter 3, the DGA subbase had a lower fines content (4.5%) 
than that of the crushed quarry screening material (5.2%) and had coarser particles. However, 
comparisons between the subbase rutting performances could not be drawn as all the other test 
variables (loading aspects and layer configurations) were not similar in these two sections.  





















Figure 7.39: Permanent deformation accumulations from MDD sensor,  
LFC3-N section, 38 in subbase,  6-wheel 
 
 
Using the dynamic responses and the multi-depth deflectometer (MDD) database, a 
framework of “stress history effects” method developed in NAPTF CC1 and CC3 studies was 
modified and applied to predict the surface rut profiles of CC5 test sections subjected to realistic 
aircraft traffic loading. By using only two critical wander locations, a method was adopted to 
develop a transverse profile for each pass and calculate the transverse profile created by multiple 
passes. Using the measured transverse profile from a single 66-pass wander pattern, theoretical 
transverse rut basins similar to the contours of the field measured profiles were calculated for 
various number of passes. Note that different types of profilometers were used throughout the 
trafficking period of the CC5 test sections which resulted in abrupt changes in measured surface 























transverse profiles in the field and led to discrepancies between the measured and predicted rut 
depths. 
A quadratic model was established based on the MDD calculated theoretical transverse rut 
basins and using general linear models, the relationships between the MDD and field transverse 
rut profiles were developed. The general linear model uses nonlinear regression analyses with 
parameters calculated by either using a power law or sigmoidal function. For CC5 sections, the 
power model predictions were reliable up to 15,000 passes. However, at higher traffic, the rut 
prediction model using the sigmoidal function could result in more accurate predictions of the field 
rut depths.  
An attempt was made to further validate the proposed methodology by using two test 
sections from CC1 test series. It was observed that for CC1 test sections, the power model 
predictions were more accurate than those of the sigmoidal ones. Also, the width of basin in CC1 
MFC test section was found to be narrower than the CC1 LFC section. Though the power model 
could accurately predict the highest rut depths of the section, the proposed methodology could not 
predict the accurate width of the CC1 MFC test section.   
The framework presented in this chapter is completely data driven to accurately estimate 
realistic permanent deformations of future pavement test sections by simply collecting residual 
deformation data from a few thousands of initial trafficking load cycles. One clear finding is that 
at least 5,000 passes and/or a total of eight MDD residual basins calculated at different stages of 
traffic are required for accurate predictions. The major advantage of using such a data-driven rut 
prediction approach is that it will enable the designers to consider any combination of wander 
positions and sequences of load applications to constitute the final surface rut development. The 
developed rut prediction framework can better predict future deformation potentials of granular 
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layers subjected to both channelized and offset (wander) traffic loadings. This provides a reliable 
tool to predict unbound aggregate layer rutting damage potentials in new and rehabilitated 
pavements, which will naturally result in safer and improved designs of airport pavements. 
However, the developed model is based on full-scale accelerated pavement response data collected 
in a controlled test environment and is intended to be used to predict rutting performance trends 
of test pavements built at NAPTF. The model requires both MDD data and surface transverse rut 
profiles collected in the field for the first 5,000 traffic passes to predict the future deformation 
profiles. At this stage, this model is not applicable to design new airport flexible pavements. 
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Chapter 8.  Conclusions and Future Research 
Recommendations 
8.1 Summary 
Unlike highway pavements which see mostly channelized traffic, airfield pavements 
experience higher load levels typically applied with wander (various aircraft gear/wheel offsets) 
on runways and taxiways.  Though wander reduces the number of repetitions of maximum load 
applied to a heavily trafficked critical pavement location, wander does not necessarily increase the 
pavement life and can in reality be very damaging to the pavement system since it does not allow 
the material to shakedown under repeated traffic loading. Furthermore, with the recent more 
frequent use of larger wide body aircraft, also referred to as the New-Generation Aircraft (NGA), 
combined with rapid growth of airline traffic, an urgent need has arisen to better assess traffic 
related damage mechanisms commonly associated with the deformation behavior of pavement 
layers due to aircraft wander coupled with complex gear landings. 
Addressing this concern, the objective of this research was to investigate damage 
mechanisms of unbound aggregate base and subbase layers in airfield pavements due to NGA 
loadings applied with wander. This was achieved by studying pavement test sections constructed 
and full-scale pavement tested at Federal Aviation Administration’s (FAA’s) National Airport 
Pavement Test Facility in New Jersey. Referred to herein as the Construction Cycle 5 (CC5) 
experiment, CC5 sections were built with different subbase materials (crushed quarry screenings 
and dense graded aggregates) with varying thicknesses over a low-strength subgrade (DuPont 
Clay, with a California Bearing Ratio or CBR of around 3.3) and were trafficked by six-wheel  and 
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10-wheel landing gears with wander.  The details of the layer configurations of the NAPTF CC5 
test sections are presented in Figure 8.1. 
 
Figure 8.1: Layer configurations of the CC5 test sections 
These pavement sections were instrumented with various sensors such as multi-depth 
deflectometer (MDD), pressure sensor, and asphalt strain gauge, The MDD sensors provided the 
most valuable data for this research since both elastic (or resilient) and plastic deformation 
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response values of individual layers were measured in the pavement system with the passages of 
the six-wheel and 10-wheel landing gears with wander. Utilizing the MDD dynamic load 
deformation response values in conjunction with all the post traffic forensic investigation 
(trenching) data enabled in-depth analyses of the granular base/subbase damage accumulation 
trends observed in CC5 sections. Comparisons were drawn based on the deformation trends 
observed for the effects of different subbase materials, wander paths, landing gear configurations, 
load magnitudes and sequences, and trafficking directions. 
Additionally, an attempt was made to predict the rut depths in airport pavements due to 
realistic air traffic using the MDD data from the NAPTF CC5 test sections. A method of using 
only the critical locations was proposed to develop a transverse profile for each pass and calculate 
the transverse profile created by multiple passes. This method was based on the relationship 
between the maximum residual MDD readings due to various wander positions. Using the 
measured transverse surface profile from a single 66-pass wander pattern, it was possible to create 
a theoretical individual pass transverse profile, which produced a residual deformation basin 
similar to the contour of the field measured profile when combined over the 66-pass wander 
pattern. A quadratic model was established from the MDD calculated theoretical transverse rut 
basins and using general linear models, and the relationships between the MDD and field 
transverse rut profiles were developed. The general linear model uses nonlinear regression 
analyses with model parameters typically calculated based on a power law or sigmoidal function.  
8.2 Conclusions 
This doctoral study focused on the complex nature of the load-deformation behavior of 
airport pavement granular base and subbase layers subjected to well documented travel paths and 
load wanders of aircraft gear configurations and investigated the trends of surface rutting as well 
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as permanent deformation accumulations in unbound layers of airfield flexible pavements, referred 
to herein as the NATPF CC5 test sections. Using the CC5 dynamic response and the multi-depth 
deflectometer (MDD) database, the previously developed “stress history effects” method utilizing 
CC1 and CC3 test series database was expanded to predict the surface rut profiles of CC5 test 
sections subjected to realistic aircraft traffic loading. First, critical wander locations were 
established and their contributions to transverse rut profiles were studied for multiple passes. Then, 
by utilizing the measured MDD individual pavement layer deformations and the periodically 
measured transverse surface profiles, a rut prediction framework comprised of general linear 
models in the forms of power and sigmoidal function distributions was developed to determine 
realistic surface profiles of the CC5 test sections. The applicability of the proposed methodology 
was also verified using data from the previous NAPTF CC1 and CC3 test sections. Additionally, 
this study also studied the MDD sensor data to relate the unbound granular subbase layer 
recoverable (resilient) and non-recoverable (residual) deformations calculated from the MDD 
sensor data to the actual rutting accumulation trends observed in the field with certain traffic passes 
and to identify the presence of anti-shakedown in the unbound layers. Furthermore, the surface rut 
depth profiles collected in the field over a period of 4 years were studied to analyze the effects of 
different subbase materials, use of different landing gear configurations, and load levels on the 
rutting performances of the instrumented pavement test sections.  
The detailed conclusions related to MDD data analyses and predictions of surface 
transverse profiles of NAPTF CC5 test sections are given in the following subsections. 
8.2.1 Analysis results of multi-depth deflectometer (MDD) data 
• In airport pavements, the stability and strength of the unbound granular layers largely 
depend on the thickness of hot mix asphalt (HMA) structural layer protecting weaker 
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aggregate base and subbase underneath. In rather thinly surfaced NAPTF flexible 
pavements (CC5 test sections had only 5 in. of HMA to accelerate damage occurrence 
with relatively low number of gear/wheel passes), load wander has a major influence 
over the aggregate particle movements and rearrangements. Analyses of the MDD data 
indicated that the effects of load wander were evident on the residual (non-recoverable) 
deformation accumulations because changes in wander locations influenced the 
directional nature (either upward or downward) of residual deformation values. The 
residual deformation data separation showed that the first pass on each wander position 
in the west to east direction typically caused the highest deformation response and the 
return pass along the same wander position showed significantly less residual 
deformation.  This finding clearly indicated the presence of the so-called shakedown 
effect with load wander governing the behavior of unbound aggregate layers. Also, it 
was noted that shakedown was more readily happening when the wander width was 
kept narrow. Especially in the 6-wheel sections, the residual deformations were not 
increasing much due to increased traffic. 
• Analyses of individual layer residual response values converted into a complete 66 pass 
wander pattern applied at NAPTF indicated that in every instance of trafficking in the 
west to east direction, there were certain wander positions that produced the maximum 
downward residual deformations when the wheel load was applied directly on top of 
or near the MDD location. On the other hand, maximum upward residual deformations 
were observed in certain wander positions where the wheel load was applied at an offset 
from the MDD sensors.  
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• Further investigation into the MDD data showed that the rebound deformation 
increased as traffic progressed. This behavior is most likely a result of pavement layers 
heaving and the continuous rearrangement of the particles due to the wheel loads 
applied at an offset from the MDD location. This finding supports the observations 
made earlier where the residual deformations also increased probably as a result of anti-
shakedown happening in the granular layers. An interesting thing to observe is that 
when the wander width was kept narrow (sequence 5), the rebound response values 
were the highest both in west to east and east to west directions. Sequence 5 is also the 
sequence that included the final 6 passes of each 66-pass wander cycle. Like the 
residual response values, the rebound response values at this wander position also 
showed directional effects to some extent when separated by traffic direction and 
sequence number. Additionally, the effects of different wander locations were also 
evident in rebound deformation behavior of the subbase layers, especially for wander 
location 5. 
• An observation was made to clearly show the presence of anti-shakedown in granular 
layers subjected to loading with wander by utilizing a parameter called “Initial 
Reading” or “Offset Left”, which was recorded by the MDD data acquisition system 
on each pass of the test vehicle in addition to the deflection time history. Initial readings 
were basically the displacement readings of each MDD sensor before the landing gear 
carriage came within the influence zone of the sensor. These readings were converted 
into individual pavement layer permanent deformation values with traffic passes at the 
MDD location. It was observed that in all cases for all the available sections, the 
contribution of rutting from the rather thick subbase layers (34 and 38 in.) were 
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significant when compared to those of the other layers. Furthermore, accumulations of 
permanent deformation in subbase layers did not slow down but rather increased as 
traffic progressed. This phenomenon contradicted the shakedown theory according to 
which all unbound layers are expected to undergo shakedown with increasing traffic.  
• An attempt made to relate the measured rutting accumulation trends to MDD 
determined resilient or rebound response showed that the rebound values for a crushed 
quarry section were primarily contractive in nature and increased with traffic for both 
cases. This behavior is most likely a result of pavement layers heaving and continuous 
rearrangement of the particles due to the wheel loads being applied not directly over 
the MDD location but at an offset location. The initial 1,000 passes saw a rapid increase 
in rebound deformation that slowed down as the traffic progressed. On the other hand, 
it was seen that the rate of permanent deformation for subbase layer obtained from 
MDD sensor data also increased rapidly for the initial 1,000 passes and the 
contributions to rutting from the subbase layers were significant when compared to 
those from the other layers. These trends were consistent with the previous full-scale 
pavement studies related to NAPTF CC1 and CC3 experiments (Gopalakrishnan, 2004; 
Donovan, 2009), where majority of the deformations were observed in the granular 
layers. 
8.2.2 Analysis results of transverse surface rut profiles and post traffic forensic data  
• The accelerated pavement testing results of NAPTF CC5 sections demonstrated that 
the sections constructed with crushed quarry screenings performed better with much 
less surface rutting than the ones built with dense graded aggregates (DGA mix). Also, 
the subbase thickness played a significant role affecting the rutting performance trends 
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of the sections. For the 10-wheel sections, thicker subbase layers consistently resulted 
in lower rut values with increasing number of passes. However, the impact of subbase 
thickness was found to be minimal in the 6-wheel sections when the load levels were 
kept below 65 kips. The load levels applied in both 6-wheel and 10-wheel sections 
ranged from 50 kips to 70 kips per wheel, but the total applied wheel load was higher 
in the 10-wheel sections.  
• Analyses of the periodic surface rut accumulation data collected in the field showed 
that the 21-ft profiler could not capture the whole width of the pavement section. But 
the 30-ft profiler could capture the rut basins more accurately than the 21-ft profiler, 
especially at the locations where the highest ruts were expected to take place (the area 
that had received the most traffic). The high rut accumulation rates had a sudden 
decrease when the trafficking resumed after a one-year break in 2009. This could have 
occurred because the pavement probably gained strength due to loss of moisture and 
hence showed reduced deflections.  
• The rut accumulation rate was found to be much greater in sections initially subjected 
to higher loads. Even after having similar layer configurations and materials, sections 
subjected to a load of 70 kips per wheel from the start of the trafficking demonstrated 
more than 30% higher surface rut amounts than their counterpart sections. For instance, 
effects of the high 70-kip wheel loads were visible in section LFC1-SE as the post 
traffic trenching showed that the subgrade went through a considerable amount of 
rutting when compared to other sections. It was also observed from the rutting 
accumulation trends that section LFC4-S never entered the tertiary stage from the 
secondary stage while section LFC3-N seemed to end the secondary stage after 15,000 
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passes were completed. On the other hand, section LFC1-SE always exhibited steeper 
rate of rut accumulation trends in the tertiary region where permanent strain 
accumulated rapidly with an increasing rate until failure. This could be because section 
LFC1-SE could never stabilize enough to enter the secondary stage from the primary 
due to anti-shakedown taking place in the unbound layers because of wander and heavy 
wheel loads were applied from the very beginning. 
• Post traffic forensic study showed that the subgrade layers in sections with 38 in. 
subbase layers did not show any significant rutting after trafficking was concluded and 
most of the rutting in these sections were limited to base and subbase layers. However, 
rutting did occur to some extent in subgrade layers of sections that were built with a 34 
in. of subbase layer. It was also observed that the thin HMA layer thickness did not 
change much, i.e. no HMA rutting in any section for any sections during the full-scale 
testing study. 
8.2.3 Prediction of surface rut transverse profiles 
• Using the dynamic responses and the multi-depth deflectometer (MDD) database, a 
method of using only two critical wander locations was developed to establish a 
transverse profile for each pass and then calculate the transverse profile created by 
multiple passes. Using the measured transverse profiles from a single 66-pass wander 
pattern, theoretical transverse rut basins similar to the contours of the field measured 
profiles were calculated for various number of passes.  
• The most challenging part of the rut prediction model development in this study was 
finding realistic and accurate MDD sensor data for a substantial number of traffic 
passes. According to a recently published report, almost 45% of the pavement traffic 
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response data was not recorded in the case of CC5 experiments at NAPTF (ARA, 
2018). There were also several instances where the traffic pass and the sequence 
numbers were not correctly recorded. This resulted in many trial and error calculations 
of MDD transverse surface profiles to ensure that MDD calculated surface profiles 
fully developed with increasing traffic passes. Nonetheless, even with such limited data 
available for a few thousand traffic passes only, a quadratic model was established 
based on the MDD calculated theoretical transverse rut basins. Also, the fact that 3 
different types of profilometers (21-ft, 30-ft, and 66-ft) were employed to measure the 
field surface transverse profiles made the data analysis even more complex. 
Nevertheless, using general linear models, and the relationships between the MDD and 
field transverse rut profiles were developed. The general linear model uses nonlinear 
regression analyses with parameters calculated by either using power or sigmoidal 
function. For CC5 sections, the power model predictions were reliable up to 15,000 
passes. However, at higher traffic passes, adopting the use of the sigmoidal function in 
the proposed rut prediction model could result in more accurate predictions of the field 
rut depths.  
• The proposed methodology was further validated by using two test sections from CC1 
test series. It was observed that for CC1 test sections, the power model predictions were 
more accurate than those of the sigmoidal ones. Also, the width of basin in CC1 MFC 
(medium strength flexible conventional) test section was found to be narrower than the 
CC1 LFC (low strength flexible conventional) section. Although the power model 
could accurately predict the highest rut depths of the section; the proposed 
methodology could not predict the width of the CC1 MFC test section accurately.   
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• The developed rut prediction framework is completely data driven and can accurately 
estimate realistic permanent deformations of future NAPTF pavement test sections by 
simply collecting residual deformation data from a few thousands of initial trafficking 
load cycles (at least 5,000 passes and/or a total of eight MDD residual basins calculated 
at different stages of traffic required for accurate predictions). 
• The major advantage of using such a data-driven rut prediction approach is that it will 
enable the designers to consider any combination of wander positions and sequences 
of load applications to constitute the final surface rut development. The developed rut 
prediction framework can also predict future deformation potentials of granular layers 
subjected to both channelized and offset (wander) traffic loadings. This provides a 
reliable tool to quantify unbound aggregate layer rutting damage potentials in new and 
rehabilitated pavements, which will naturally result in safer and improved designs of 
airport pavements. 
• The developed model is based on a full-scale accelerated pavement response database 
collected in a controlled test environment and is intended to be used to predict rutting 
performances of future test pavements built at NAPTF. The model requires both MDD 
data and surface transverse rut profiles collected in the field for the first 5,000 traffic 
passes to predict the future deformation profiles. The developed rut prediction 
framework can better predict future deformation potentials of granular layers subjected 
to both channelized and offset (wander) traffic loadings. At this stage, this model is not 
applicable to designing new airport flexible pavements. 
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Given the number of factors that significantly influenced the performance evaluation 
strategy of the CC5 test sections, a brief list of recommended practices is offered in the following 
bullet items.  
• Construction Cycle 5 (CC5) database included sections where the MDD data were not 
captured properly because the sensors malfunctioned or got disconnected from the 
anchor during testing. Hence, during the construction of the next full-scale test sections, 
extra care should be taken while installing the MDD sensors. Furthermore, the analysis 
to determine the adequacy of the installed anchor depth in the CC5 test sections showed 
that the anchor was not installed in an absolute zero deflection zone. This fact should 
be properly taken into account when selecting sensors and planning installation details 
for future full-scale experiments. 
• Though Heavy Weight Deflectometer (HWD) testing was conducted on CC5 test 
sections, the test data were not recorded and documented properly. For instance, the 
naming of various stations was not uniform, and the convention was changed over the 
testing period. Further, a lack of documentation that explained the naming conventions 
made analyses of the HWD data challenging. So, the use of ambiguous naming 
conventions of the stations should be avoided while recording the HWD data. For 
future testing, the developed test plan should contain the specific station with consistent 
nomenclature to conduct the periodic HWD testing so that the effects of increasing 
traffic could be analyzed through periodically captured HWD deflection basins. 
• The design of experiment did not remain consistent throughout the testing period and 
evolved over time. For example, there are sections where the surfaces were milled 
during the testing period. Furthermore, the applied load levels decreased instead of 
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increasing and wrong landing gears were used in one of the sections. It is recommended 
that at the end of each testing period, the load levels and landing gear configuration 
used for a particular section be documented properly to avoid irregular load levels and 
inconsistent landing gear configurations (10-wheel instead of 6-wheel and vice versa) 
at the start of the next testing period.  
• As documented, use of a shorter profilometer that was not able to capture the whole 
width of a pavement section led to many issues such as inconsistencies between the 
location where the highest rut was observed and the most heavily trafficked location. 
Also, the short profilometers were placed on pavement surface that received applied 
loads beyond the loading area. Subsequently, the profiles were not measured from a 
fixed reference line. To this end, a profilometer that is long enough to cover the whole 
width of the test section should be utilized for any future NAPTF experiment from the 
very beginning of the testing. 
• Each test section was 30-ft wide, but the width of the rut crater formed due to the 10-
wheel landing gear was more than 35-ft in width and extended beyond the centerline 
to the adjacent sections. For wider landing gear configurations, FAA may consider 
building one 60-ft section by combining two 30-ft sections into one and as such, 
minimize interaction from an adjacent test section. 
8.3 Future Research Recommendations 
Considering the findings and observations in this study, the following recommendations 
and improvements can be offered for future research studies: 
• CC5 test sections only included traffic conducted with simulated wander. To further 
investigate the effects of wander on granular layers in a pavement system, full-scale 
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accelerated pavement test sections with identical layer configurations and construction 
materials should be subjected to both wander and channelized traffic at the same. Also, 
instead of a sequential wander pattern, more randomness should be introduced to the 
trafficking pattern to better represent the real-world air traffic conditions.   
• MDD sensors were installed in one location only in CC5 sections. MDD sensors should 
be installed at more than one pavement location within the load wander width to further 
evaluate the effects of wander. Also, the sensors should be installed in a way so that at 
least one of the wander positions would apply wheel loading directly on the MDD 
sensor. Furthermore, MDDs installed in one location only could not produce the surface 
rut transverse profiles when the applied traffic zone was wide (10-wheel sections). 
Instead, MDDs can be installed in multiple locations to further refine the methodology 
to calculate surface rut transverse profiles from MDD residual basin. 
• Heavy weight deflectometer (HWD) testing was conducted in specific locations on 
CC5 test sections but the test data were not recorded and stored. It would be interesting 
to see how various basin shape parameters such as Base Damage Index (BDI) and Base 
Curvature Index (BCI) calculated from HWD data would relate to layer damage 
accumulation trends observed from MDD data, periodic transverse surface rut profiles, 
and post traffic trenching data. 
• Additionally, for wider and multiple landing gear configurations, FAA may consider 
building one 60-ft section by combining two 30-ft sections into one, and as such 
minimize the effects from a multiple landing gear applied on an adjacent test section. 
This will help to facilitate more reliable data collection essential in the investigation of 
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the pavement deformation behavior due to the landing gear applied on the test section 
only. 
• For future full-scale studies at NAPTF, consistencies in terms of loading and testing 
conditions should be maintained throughout the period of testing. Especially, only a 
single type of profilometer should be used to measure the field transverse surface 
profiles for a pavement test section. More care should also be taken to properly store 
pavement response data with properly recorded testing date, pavement location, 
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APPENDIX A. Residual Deformation Values 
 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































APPENDIX B. Relationship Between Field Deformation and MDD Sensor Values 
 
















































































































































B5. CC1 Section MFC 
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